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ABBREVIATIONS 
 
Table 1 - Abbreviations 
Abbreviation Name 
aa Amino acids 
AJs Adherent junctions 
aPKC Atypical Protein kinase C 
ATP Adenosine triohosphate 
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ABSTRACT 
Zebrafish have been used as a model to study the vertebrate retina due to its 
functional and structural similarities to the human retina1–3. Photoreceptor cells (PRCs) 
are highly specialised type of neurons present in the retina4,5. In zebrafish, PRCs can 
be divided into 5 different subtypes, rods and green, red, blue and UV sensitive cones6–
8. Mature PRCs are composed of different morphological compartments (basal domain, 
inner segment and outer segment), which are essential for their phototransduction 
ability4,9. During development, these cells are known to arise from columnar 
neuroepithelium precursor cells and undergo a maturation process to become 
compartmentalised10. However, a detailed characterisation of this process is lacking in 
zebrafish. In this project, I aimed to establish and characterise in detail the stages of 
PRC maturation in zebrafish. Next, I aimed to investigate the role of candidate genes in 
this PRC maturation process. 
To label the plasma membrane of all cells, a zebrafish transgenic line was utilised. 
Furthermore, a novel zebrafish transgenic line that labels the outer segments of red 
sensitive PRCs was generated. This transgenic line enabled visualisation and volume 
quantification of outer segments of red sensitive cones. The use of both transgenic lines 
in combination with antibody stainings indicated that, from 72 hours post fertilisation 
(hpf) onwards, subtypes of PRCs exhibit differences in growth rate and morphology of 
their cell compartments. Additionally, differences in mitochondrial clusters and nuclei 
positioning were observed during the maturation process. From 72 hpf to 120 hpf, rough 
endoplasmic reticulum accumulation emerged specifically in rod like PRCs. Changes in 
chromatin organisation were observed in UV sensitive cones like PRCs from 120 hpf 
onwards. This showed that a high degree of complexity was observed even within the 
cone PRC subtypes. Lastly, the role of a candidate gene, crb2b, was examined by 
comparing PRC maturation process in WT and crb2b mutants. My results indicate that 
loss of Crb2b does not show obvious defects in PRC maturation. 
Results obtained in this dissertation provided a comprehensive characterisation of 
six independent PRC maturation stages using the criteria of cell compartmentalisation 
and growth, organellar distribution and localisation of cell polarity related protein 
complexes. This defined developmental timeline provides a platform to further study 
PRC maturation and function.
INTRODUCTION 
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INTRODUCTION 
 
1. The vertebrate eye  
 
The eye is the organ capable of capturing light and converting it into an 
electrochemical impulse, allowing vision. Based on its structure the eye can be divided 
into two principal anatomical segments, the anterior segment and the posterior segment 
(figure 1) 2,11. 
 
 
Figure 1 – Structure of the eye in Homo sapiens (A) and Danio rerio (B).  
Adapted from Chhetri et al., 2014. 
 
The anterior segment of the vertebrate eye is mainly responsible for focusing light 
into the retina and controlling the intraocular pressure12. This segment consists of the 
cornea, the lens and the iris. The cornea is the transparent tissue that covers the front 
part of the eye. The lens is responsible for focusing light, and the iris, regulates the size 
of the pupil, an aperture that allows light into the eye. The posterior segment of the eye 
is composed of three main layers, the sclera, the choroid and the retina. In the outermost 
part, the sclera functions as a support and as a protection for the eye. The middle layer, 
the choroid, formed by connective tissue and blood vessels, is responsible for the blood 
supply to the eye. The most interior layer, the retina, is responsible for capturing photons 
of light and further transmission of the electrochemical signal (figure 1). The 
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arrangement of these components creates two large chambers. The first existing 
between the cornea and the lens is filled with a watery aqueous solution while the 
second, between the lens and the retina is filled with a viscous vitreous liquid. These 
structural principles are common across all species of vertebrates 2,11,13. 
Although the main structures are conserved, the human and zebrafish visual 
systems show structural differences, such as in the shape of the lens. In the human eye, 
the lens presents a biconvex shape, while in the zebrafish, it presents a spherical shape 
(figure 1)11. In addition to structural differences, the organisation of the different cell 
types present in the retina varies between human and zebrafish2,14.  
 
2. The vertebrate retina 
 
The vertebrate retina is composed of two basic layers: the outer retinal pigmented 
epithelium (RPE) and the inner neurosensory layer. The RPE is a monolayer of cuboidal 
pigmented epithelial cells15. The inner sensory layer is a highly organised nervous tissue 
formed by five types of neurons: photoreceptor, horizontal, amacrine, bipolar and 
ganglion cells; and additionally, a type of glial cells namely Müller glial cells. These cells 
are organised into three nuclear layers (outer nuclear layer (ONL), inner nuclear layer 
(INL) and ganglion cell layer (GCL)) and two plexiform layers (outer plexiform layer 
(OPL) and inner plexiform layer (IPL)) (figure 2). The ONL is formed by the nuclei of 
photoreceptor cells (PRCs). The INL consists of the nuclei of Müller glial, bipolar, 
horizontal and amacrine cells. Finally, the GCL contains the nuclei of ganglion cells and 
displaced amacrine cells. The axons of ganglion cells form a central tract that connects 
the retina to the brain, termed optic nerve (figures 1 and 2). The IPL and OPL are 
comprised of the synapses of the neurons found in the retina. These different cell types 
and layers are characteristic of the vertebrate retina, and are conserved among different 
vertebrates, although small differences can be found across species4,16–21.   
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Figure 2 – Structure and cell types present in the zebrafish retina.  
Confocal image of the zebrafish eye at 72 hours post fertilisation (hpf) with the plasma 
membrane in green (Tg(Ola.Actb:Hsa.HRAS-EGFP)vu119) and nuclei in blue (DAPI). Retinal 
pigmented epithelium (RPE) and ciliary marginal zone (CMZ) are indicated with magenta 
arrows. Zoom in the retina shows the three different nuclear layers (ganglion cell layer (GCL), 
inner nuclear layer (INL) and outer nuclear layer (ONL)) and the two plexiform layers where the 
connections between neurons in the retina occur (inner plexiform layer (IPL) and outer plexiform 
layer (OPL)). A schematic illustration is showing the 5 different neurons in the retina (PRCs in 
green, horizontal cells in red, bipolar cells in grey, amacrine cells in blue, and ganglion cells in 
orange), and the Müller glial cell (yellow). Scale bar: 100µm. 
 
In zebrafish, the periphery of the retina is composed of a pool of retinal stem and 
progenitor cells called ciliary marginal zone (CMZ)22. This tissue is important in adding 
retinal neurons to the periphery of the neural retina during retinal growth and may 
contribute to regeneration of the damaged retina (figure 2). The CMZ is a special tissue 
found in some vertebrates, such as amphibians and birds, but is not a part of the 
mammalian retina 22–25. 
The main function of the retina among all species is to absorb light and transmit 
this information through a process termed phototransduction. In vertebrates, photons 
are absorbed by the PRCs and converted into an electro-chemical signal. This signal is 
then transmitted and processed in the different layers of the retina until it reaches the 
ganglion cells. Ganglion cells axons transmit the signal through the optic nerve to the 
brain. The initial phototransducing ability of PRCs is therefore a critical step in vertebrate 
vision1,16–20.   
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3. Photoreceptor Cells 
3.1 Photoreceptor structure and subtypes 
 
PRCs are a highly specialised neuronal cell type5. In vertebrates, PRCs are divided 
into rods26, specialised for night vision, and cones27, responsible for day and colour 
vision9,28.  
The human retina is mainly formed by rod PRCs, with a specialised region, the 
macula, which is mainly formed by cones, and responsible for high acuity vision (figure 
1)11,29. This does not hold true for zebrafish, whose retina is mainly formed by cone 
PRCs30. 
 
 
 
In the mature zebrafish retina, the distinct PRC types show differences in protein 
expression, size and morphology. Based on expression of different opsin proteins, 
human cone PRCs can be divided into SWS cones (short wave or blue-sensitive), LWS 
cones (long wave or red-sensitive) and MWS cones (middle wave or green-sensitive); 
zebrafish have an extra type, the UVS cones (UV-sensitive)1,31–33. 
In zebrafish, cone PRCs can also be divided into two categories based on their 
morphology: single (UVS or SWS cones) and double cones (MWS, LWS cones)34–
36.  Taking into account cell size, the UVS cones are the shortest PRCs in the zebrafish 
retina, while the SWS cones are of an intermediate size. The double cones are the 
Figure 3 – Subtypes of photoreceptor 
cells (PRCs) in the zebrafish retina.  
Schematic illustration of all types of PRCs 
in the zebrafish retina: rods, green (MWS), 
red (LWS), blue (SWS) and UV (UVS) 
sensitive cones.  
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longest, and are comprised of two non-identical cones adhered together (MWS and 
LWS cones)35. The different subtypes of PRCs present in the retina, with differences in 
size and morphology are depicted in figure 3. 
All PRCs are highly polarised neuroepithelial cells, composed of an apical domain 
and a basal domain separated by cell junctions, usually called outer limiting membrane 
(OLM) (figure 4)6.  
The basal compartment contains the synaptic terminal of the PRC37. Both rod and 
cone PRCs hold ribbon synapses that are responsible for transmitting graded light 
responses to the bipolar and horizontal cells of the vertebrate retina38,39.   
 
 
Figure 4 – Structure of a photoreceptor cell. 
 
The apical domain is made up of two distinct compartments, the inner (IS) and 
outer segments (OS)40. These segments have distinct functions and morphologies. The 
OS is a modified primary cilium characterised by the presence of a stack of membrane 
discs containing the visual pigment41. The visual pigment is responsible for absorption 
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of photons and consists of a transmembrane protein, opsin, and a chromophore, either 
11-cis retinal or 11-cis 3,4-dehydroretinal42–44. The IS contains all organelles necessary 
for biosynthesis and metabolism of the cell. It can be further subdivided into two regions 
depending on the organelles present, the ellipsoid characterised by presence of 
mitochondria, and the myoid, characterised by the Golgi and endoplasmic reticulum45,46. 
In the most apical region of the IS, the membrane grows microvilli-like processes parallel 
to the OS, known as the calyceal processes40,47,48. These processes are not present in 
all vertebrates such as mouse, and are more frequent in cone PRCs acting as a crucial 
support system, protecting the OS. They are characterised by an F-actin core, with actin 
filaments bundled by F-actin cross-linking proteins like espin and fascin 249–51. In 
between both IS and OS is a connecting cilium, which corresponds to the transition zone 
of the canonical primary cilium49. 
 
3.2 Outer segments, the cilia of PRCs. 
3.2.1 Cilia 
 
Cilia are widespread finger-like cell appendages that play important roles in 
movement, sensing and response to environmental cues. Cilia can be categorised into 
two major types, motile cilia (or flagella), important for both motion and sensing, and 
non-motile cilia or primary cilia, important for normal cellular homeostasis and 
development. The cilium structure is comprised of three major segments, the basal 
body, the transition zone and the axoneme (figure 5)40,52,53.  
The centriole-derived basal body consists of a barrel-shaped structure of nine 
microtubule triplets that act as a nucleation site for the growth of the axoneme54. The 
basal body contains both mother and daughter centrioles, but only the mother centriole 
works as a nucleation site for axoneme growth. The axoneme is a microtubule-based 
cytoskeleton formed by a ring of nine microtubule doublets (9x2+0) in the case of 
primary cilia (red box in figure 5) or nine microtubule doublets with an additional pair in 
the centre (9x2+2) for most motile cilia55.  In between the basal body and the axoneme 
lies the transition zone, a region which contains Y-shaped protein structures (Y-links) 
that connect axonemal microtubules to overlying membrane. These have been proposed 
to work as a barrier to membrane proteins moving into or out of the cilium54,56–59. 
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Figure 5 – Structure of a photoreceptor cell cilium.  
In A is depicted an illustration of a PRC with nucleus in grey and OLM marked by a dashed line. 
In A’ is represented a close up of the transition zone between IS and OS of a PRC. In blue is 
represented the basal body of the cilium, in orange the transition zone and in green the 
axoneme. In the small red box is illustrated a cross section of the axoneme with the 9 
microtubule doublets.  
 
3.2.2 Cilia in PRCs 
 
The primary cilium of a PRC, like other primary cilia, is comprised of a basal body, 
a transition zone and an axoneme (figure 5). Additionally, the membrane discs present 
in the OS can be considered a highly modified distal part of the PRC primary 
cilium40,60,61. In PRCs, the basal body is located in the IS, the transition zone 
corresponds to the connecting cilium, and the axoneme, in combination with the 
membrane discs, constitutes the OS40,49,60–63.  
The OS in rod and cone PRCs shows differences in membrane disc arrangement. 
In rod PRCs, the OS is composed of hundreds of flattened membrane discs separated 
from the plasma membrane. Although they may come into contact with the OS 
membrane, they do not fuse36,49,64–66. In cone PRCs, the OS is more conically shaped 
with disc membranes mostly described as a continuum of the plasma membrane. In 
mammals, however, the cone OS can also contain stacks of membrane discs that are 
separated from the plasma membrane49,56–58. In most vertebrate species, rod OSs are 
taller and thinner than cone OSs, although in amphibians and fish, rod OSs are 
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described as broader. Independent of this arrangement, all OSs share a common need 
for membrane disc renewal32,49,65,67,68. 
Throughout the lifetime of a PRC, OS membrane discs are continually renewed, 
with the help of the RPE. The RPE phagocytoses membrane at the OS distal tip69, while 
newly synthesised membrane is added at the base by incorporation of vesicular 
structures or expansion of the plasma membrane15,41,70. 
 
3.2.3 Ciliogenesis in PRCs 
 
During PRC development, the correct formation of the cilium is essential for its 
phototransducing function. Most studies on PRC ciliogenesis have been done in mice, 
which have a rod dominated retina (3% of cone PRCs). In mice, PRCs are believed to 
undergo intracellular ciliogenesis, where the mother centriole starts by docking to the 
membrane of an intracellular primary ciliary vesicle. The cilium is assembled within this 
ciliary vesicle by fusion with the plasma membrane49,71,72. 
In mouse, ciliogenesis occurs in 6 different stages (S1-S6)73 described in figure 6. 
The S1 stage is characterised by appearance of an intracellular primary ciliary vesicle 
at the mother centriole distal end, that matures to become the basal body. In S2, the 
ciliary bud emerges from the basal body and elongates, forming the ciliary shaft. This is 
then projected into the growing ciliary vesicle. At this stage, a small ciliary pocket 
emerges at the ciliary shaft. By the next stage, S3, the connecting cilium is already 
assembled and the ciliary vesicle is fused to the plasma membrane. S4 is characterised 
by the swelling and appearance of internal membrane vesicles at the distal part of the 
cilium. At S5, the internal membrane vesicles fuse to form the characteristic disc 
membranes of the rod OS, and from S6 onwards, membrane discs can clearly be 
identified by electron microscopy (EM). In the initial stages of membrane disc formation 
(S5), it has been observed that discs form parallel to the axoneme, rotating to their final 
perpendicular orientation later in development73. Similar to other cilia, ciliogenesis in 
PRCs is accomplished by IFT (intraflagellar transport)53,71,74. 
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Figure 6 – Ciliogenesis stages in mouse PRCs.  
In A–F, electron micrographs of ciliogenesis stages of PRCs in mouse retinas, S1 (A), S2 (B), 
S3 (C), S4 (D), S5 (E), S6 (F).  In G, illustration of ciliogenesis stages of PRCs in mouse. In G-
S1, the mother centriole (white arrowhead) and the daughter centriole (black arrowhead) are 
present in the cytoplasm of PRC precursor cells with the distal end of the mother centriole 
enclosed by the primary vesicle (PV). In G-S2, the mother centriole matures to the basal body 
and the ciliary bud elongates to the ciliary shaft. In G-S3, the flattened PV is enlarged forming 
the ciliary vesicle, which fuses with the plasma membrane of the IS and the newly assembling 
cilium (C*) appears on the cell surface. The dotted line indicates elongation and morphological 
remodelling of apical IS during development. In G-S4, the elongating cilium is divided into the 
proximal cilium (pC) and distal cilium (dC). In G-S5, pC becomes the connecting cilium (CC), 
the dC develops to become the OS. In G-S6, the axoneme (white arrow) prolongs into the OS, 
and first stacks of membrane discs emerge. Grey circles indicated by the black arrow represent 
electron-dense granules of centriolar satellites. Symbols ‘>’ and ‘<’ indicate adherent junctions 
at the OLM (adapted from Tina Sedmak, Uwe wolfrum, 2011)71. 
 
 
IFT is a bidirectional transport system which moves cargo from the cell basal body 
to the tip of the cilium (anterograde transport) and back (retrograde transport). This 
process is essential for cilium formation and maintenance75,76. IFT involves movement 
of IFT protein complexes A and B77,78. 
IFT complexes A and B are transported along the microtubules by kinesin and 
dynein motor proteins77,78. These ATPases contain a motor domain, that binds to 
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microtubules, and a head domain, that can bind to cargo, in this case the IFT 
complexes77,78. Dynein motors use the energy from ATP hydrolysis to undergo directed 
motility towards the minus end of microtubules (basal body direction)79, while kinesin 
motors use this energy to drive motility towards the growing/plus ends of microtubules 
(axoneme distal tip). The kinesin superfamily includes 14 different members which are 
found in a variety of oligomeric states and contribute to several aspects of intracellular 
motility and cell division53,62,80–84. In zebrafish PRCs, the heterotrimeric kinesin-2 
(kinesin-II or Kif3) and homodimeric kinesin-2 motor (OSM-3 or Kif17) are believed to 
be important for OS formation and maintenance85–91.  
During OS formation and maintenance, kinesin motor proteins transport all OS 
proteins from the protein synthesis machinery located in the IS into the cilium. With 
constant renewal of OS membrane discs, the proteins that make up the 
phototransduction machinery are constantly being shuttled into the OS at high rates e.g. 
100-1000 photopigment molecules per second82,92. The correct transport of these 
proteins is essential for PRC survival, and is the most prominent defining feature of PRC 
apical-basal polarity82,92. 
 
3.3 Cell polarity in PRCs 
 
The correct establishment of apical-basal polarity is essential for the formation of 
different PRC compartments and consequently, for PRC function. To ensure correct 
polarisation of PRCs multiple processes are required, such as compartmentalisation of 
the cell membrane, localisation of cell junctions, protein trafficking into the OS93,94, and 
positioning of organelles in the cell body95. In addition to the typical apico-basal polarity 
found in epithelia96, a second form of polarity is observed in photoreceptors, planar cell 
polarity (PCP), referring to the orientation of individual cells in the plane of the PRC 
layer97.  
 
3.3.1 Planar cell polarity 
 
Planar cell polarity (PCP) refers to the polarisation of a field of cells across the 
tissue plane. During the past years, PCP has been investigated in different model 
organisms from Drosophila to vertebrates97–99. In vertebrates, one of the most studied 
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examples is the orientation of mechanosensory cells (hair cells) in the auditory and 
vestibular systems99–101. In zebrafish, cone PRCs also show PCP in the positioning of 
their connecting cilia. The connecting cilia in LWS, MWS and SWS cones are positioned 
on the side of the apical surface directed toward the optic nerve. This does not hold true 
for UVS cone and rod PRCs102. This could be explained by the organisation of cone 
PRCs in the mature retina. LWS, MWS and SWS cones closely adhere to each other, 
forming pentameric structures (figure 7). These structures are then separated by UVS 
cones and rods to form the mosaic pattern shown in figure 5B6. This arrangement is in 
accordance with that of mechanosensory epithelia, in which polarised hair cells are also 
separated by supporting cells that do not display obvious PCP103. In mechanosensory 
epithelia, PCP was shown to have functional impotence, however, a clear function for 
this mosaic patterning of zebrafish PRCs is still to be understood104.  
 
 
Figure 7 -  Planar cell polarity in the PRC layer.  
A depicts a schematic illustration of the cone PRCs mosaic pattern. LWS, MWS, SWS and UVS 
cones are represented by R, G, B and UV respectively. In B, electron micrograph of tangential 
section through the zebrafish mature retina. LWS (R), MWS (G) and SWS (B) cones are closely 
adhere to each other, forming a pentameric unit. In between the pentameric units are UVS 
cones, represented by UV, rods and Müller glial cells. A pentameric unit is highlighted by a white 
dashed contour in B. Scale bar: 2 µm. Adapted from Zou et. al., 20126. 
 
 
3.3.2 Apical-basal polarity 
 
Apical-basal polarity is an asymmetric organisation of cellular components and 
membrane specialisation, characteristic of epithelial cells96,105,106. A fully polarised 
epithelial cell contains an apical domain and a basal domain, separated by junctions. 
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Junction formation and the maintenance of apico-basal polarity are regulated by 
numerous protein-protein interactions96,107,108.  
In mammals, epithelial cell junctions are composed of tight junctions (TJs), 
adherens junctions (AJs) and desmosomes109. In the retina, PRCs show a belt of cell 
junctions connecting PRCs to each other and to the apical processes of Müller glial 
cells110. The belt of cell junctions is usually called outer limiting membrane (OLM), and 
unlike other mammalian epithelial cells only contain AJs109. AJs are protein-rich cell-cell 
contacts, with the primary function of facilitating adherence to neighbouring cells. In 
PRCs, the region adjacent to the AJs on the apical side is called subapical region (SAR). 
This region is characterised by the presence of protein complexes that are known to be 
important for maintenance and establishment of apical-basal polarity, such as the 
Crumbs (Crb) complex (Figure 8)6,111. 
In epithelial cells, there are two major polarity complexes localised on the apical 
side of the cell, the Par and Crb complexs96. In addition, there are polarity complexes 
localised on the basal domain, the Scribble complex112,113, and the Coracle complex114. 
These polarity complexes can function both independently and synergistically in the 
establishment and the maintenance of polarity115. Both Crb and Par complexes can 
interact with AJ proteins, and disruption of these complexes leads to defects in AJ 
composition and structure111. 
In mammals, the Par complex includes the Partitioning defective-3 (Par3/ Pard3), 
Partitioning defective-6 (Par6/ Pard6), and Atypical Protein Kinase C (aPKC) proteins116. 
In the epithelial cell, this complex co-localises with TJs, AJs and other proteins present 
at the SAR116. This complex is dynamic with the presence of Par3 modulating formation 
and growth of the apical surface as well as formation of the TJs 111,117–120 
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3.3.2.1 The Par complex 
 
In addition to its role in polarity, the Par complex has been involved in ciliogenesis. 
In zebrafish, there are two aPKC genes, prkci and prkcz, with multiple redundant 
functions during vertebrate retinogenesis121. Loss of aPKC (prkci) leads to defects in 
spindle orientation in the retinal progenitor cells and loss of AJs in the retina116,122. 
Additionally, in PRCs, loss of prkci and prkcz or pard3 leads to defects in OS 
formation121,122.  
 
3.3.2.2 The Crumbs complex 
 
Crb is a highly conserved transmembrane protein first identified in Drosophila as a 
regulator of epithelial polarity123,124. The Crb protein consists of a large extracellular, a 
transmembrane and a short intracellular region. The large extracellular region contains 
epidermal growth factor-like (EGF)125 and lamininA-globular-like domains. The short 
intracellular region consists of a single FERM (protein, ezrin, radixin,moesin) and PDZ 
(PSD-95,Dlg,ZO-1)protein-binding motifs which bind other components of the Crb 
complex (figure 9)125,126. The Crb PDZ binding motif recruits MPP5 (or PALS1)127–129, 
the Drosophila homologue of Stardust123,130. In zebrafish, MPP5 has two different 
Figure 8 – Sub apical region (SAR) in PRCs.  
Schematic representation of the PRC with nucleus in 
grey, Müller glial cells in blue and the belt of cell 
junctions (OLM) in green. OLM subdivides the 
photoreceptor cell surface into the apical and basal 
domains. Right above the junctions there is the 
subapical region (SAR) in red.  
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orthologues, mpp5a and mpp5b, also known as nagie oko (nok)131 and ponli132,133 
respectively. MPP5128 then recruits other members of the Crb complex, PATJ and 
MUPP1134. In addition, the PDZ motif of Crb can also interact with PAR6135,136 which in 
turn binds MPP5137. The FERM motive of Crb recruits mosaic eyes (moe)138,139, the 
zebrafish homologue of mammalian EPB41L5139 and Drosophila140 Yurt. Correct 
interaction between proteins belonging to the Crb complex is essential for polarity 
maintenance.  
In mammals, there are three different Crb genes, CRB1, CRB2, CRB3141,142. These 
can be classified into two groups, considering the structure of the protein. CRB1 and 
CRB2 contain a typically large extracellular domain and CRB3 a small extracellular 
domain134. In zebrafish, due to duplication of the genome, there are five crb genes, crb1, 
crb2a, crb2b, crb3a and crb3b (Figure 9A)143. In vertebrates, Crb has been reported to 
be localised to the SAR of PRCs. In both vertebrates and invertebrates, Crb has been 
reported to have an important role in the maintenance of the retina126,141,144,145. 
In invertebrates such as Drosophila, loss of Crb leads to the shortening of the stalk 
membrane (equivalent structures to the vertebrate SAR) and fragmentation of AJs146,147. 
Moreover, Crb has been shown to be critical in preventing light dependent degeneration 
of the PRCs148–150. In humans, mutations in the CRB1 gene have been linked to retinal 
diseases like Leber congenital amaurosis type 8 (LCA8) and retinitis pigmentosa144,151–
154. Moreover, mouse models of retinal diseases have further elucidated the role of Crb 
in the retina. 
CRB1 knockout mice show photoreceptor displacement and formation of rosettes 
due to loss of adhesion between photoreceptors and Müller glia cells 148,155. In CRB2 
conditional knockout mice, a progressive disorganisation of the PRC layer was detected 
in the retina156. Nevertheless, microarray analysis performed in CRB2 new-born 
conditional knockout mice showed no changes in the transcriptome during retinal 
development157. In addition to the mouse models, zebrafish models have been used to 
understand Crb function in vertebrate PRCs158.  
In zebrafish, crb2a and crb2b have been reported to be expressed in the retina, 
and have been shown to be differentially expressed throughout development and in 
adulthood. In the early stages of retinal development, when the retina is a 
pseudostratified neuroepithelium, Crb2a is localised on the apical membrane of 
progenitor cells6,131,158. In mature PRCs, Crb2a is reported to be localised in the SAR 
and in the apical processes of the Müller glial cells158. Contrarily, Crb2b is not expressed 
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in early stages of retinal development. It can however be detected at the SAR of PRCs 
at 72 hours post fertilisation (hpf). Furthermore, Crb2b is only expressed in LWS, MWS 
and SWS cones. Loss of both Crb2a and Crb2b have been showed to lead to defects in 
the retina6,158.   
 
 
Figure 9 -  Crumbs proteins present in the zebrafish.  
In A is the schematic illustration of the structure of Crumbs (Crb) proteins present in zebrafish 
(Crb1, Crb2a, Crb2b, Crb3a and Crb3b) highlighting the extracellular, intracellular and 
transmembrane domains. In B are represented the two different isoforms of Crb2b expressed in 
the zebrafish retina. All different domains and protein motifs characteristic of Crb proteins are 
showed in figure C. All protein domain represented in the illustration are not to the real scale.  
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Loss of crb2a in zebrafish embryos has been shown to lead to retinal patterning 
defects during development158. In this case, the retina fails to form different layers. 
These defects can also be noted in cases of loss of other Crb and Par complex members 
such as nok122,158, apkc (heart and soul)122 and moe(mosaic eyes) 139,159. crb2b encodes 
two known isoforms, a long (Crb2b-lf) and a short form (Crb2b-sf) that does not contain 
the first eleven EGF-like repeats of the extracellular domain (Figure 9B)6. Knockdown 
studies of both crb2b isoforms, generated by using morpholinos, showed a decrease in 
IS size of cone PRCs158. crb2b mutants, generated by insertion of a retroviral murine 
leukemia virus, were reported to lead to smaller eyes at 120 hours post fertilisation (hpf) 
in zebrafish larva but no further analysis of the retina was shown in this mutant160.  
The importance of Crb2a and Crb2b for retinal development and maintenance has 
also been demonstrated in overexpression assays. Studies in zebrafish suggest that the 
extracellular domain of Crb2b could mediate physical adhesion between PRCs, and 
further that Crb2b is important for maintenance of the cone mosaic characteristic 
organisation in the zebrafish retina6. Additionally, overexpression studies in zebrafish 
showed Crb2a to have a role in regulating PRC morphology161. However, the 
mechanism underlying this regulation remains unclear. 
Although Crb2a and Crb2b might have different functions in the retina, these proteins 
show some functional redundancy. In crb2a mutant embryos, overexpression of crb2b 
and crb3a by mRNA injection can rescue the loss of retinal lamination observed in crb2a 
mutants158,162. Overexpression of human CRB1 intracellular region in Drosophila 
embryos rescues the loss of epithelial integrity163. This indicates that the highly 
conserved intracellular region of Crb shows functional redundancy across species158,162.  
 
3.3.3 Distribution of cell organelles in PRCs 
 
In the cytoplasm of a cell, organelles are distributed in a non-random manner. This 
distribution is important for cellular functions and alterations can lead to cell death95.  
On the apical side, the IS of PRCs can be divided into two different regions, the 
ellipsoid, the most apical area of the IS characterised by a cluster of mitochondria, and 
the myoid, the region between the nuclei and the mitochondria, where the Golgi 
apparatus and the ER are localised164,165. In mature PRCs, this organelle distribution is 
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highly conserved, however the mechanisms underlying the regulation of this distribution 
are not fully understood28,66. 
In the mature zebrafish retina, different types of PRCs are known to have nuclei 
with different morphologies and locations within the cell133. For both rod PRCs and UVS 
cones, the nuclei are located below the OLM with rod cell nuclei particularly localised at 
the most basal position. Nuclei of SWS, MWS and LWS cones are longer, and extend 
apical to the OLM133,166. Knockdown of dynactin 1, a member of the dynein motor 
complex, disrupts the nuclear envelope leading to a displacement of PRC nuclei, 
accompanied by PRC degeneration95. This suggests that correct nuclear morphology 
and localisation could be essential for PRC maintenance. 
The nuclei of the PRCs differ not only in morphology and location, but also in the 
ratio of eu- and heterochromatin167. In most cells the interphase nuclei consist of two 
distinct types of chromatin, the less condensed euchromatin distributed in the nuclear 
interior and the more condensed heterochromatin enriched at the nuclear envelope and 
around the nucleoli. Studies show that rod PRCs in mouse have an inverted chromatin 
organisation, where heterochromatin is shifted to the interior of the nuclei and it is 
enveloped by a thin ring of euchromatin168. In zebrafish, during PRC development, no 
differences are detectable between the nuclei of rods and cones by 50 hpf169, which 
differs from some other studied teleosts, in which rods and cones are distinguishable 
since early stages170,171. 
Mitochondrial size and localisation in PRCs has been of interest in many studies 
during the past years. In some mammalian species, the ellipsoid region of the cone IS 
is composed of modified mitochondria that have reached unusually large dimensions, 
termed megamitochondria (MM)172,173. This type of mitochondria was first identified in 
vertebrate cells under various pathological conditions174,175. In PRCs, MM can be found 
in healthy PRCs. Although both types of PRCs have MM, the ellipsoid region containing 
MM is 50% bigger in cones46. By electron microscopy, it has been noted that MMs in 
different cone PRCs exhibit differential electron density. In the central parts of the 
ellipsoid of LWS, MWS and UVS cones, MM have a highly electron-dense matrix, 
surrounded by more electron-lucent MM165. On the other hand, SWS cones have mainly 
electron-lucent mitochondria. The significance of this is not yet fully understood, 
however it has been hypothesised that it could have an optical function by working as a 
short-wave filter 45,46,165,173. Initial studies on MM development in zebrafish PRCs have 
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been done at 96 hpf166. At this time point, MM are mainly electron-lucent and can only 
be seen in cone PRCs, where they appear to be mixed with small mitochondria165. 
 
4. Retinal Development 
4.1 From the eye field to embryonic eye 
 
Eye morphogenesis is a result of complex cellular interactions tightly regulated by 
different genes, many of which are highly conserved across species. The development 
of the vertebrate eye starts shortly after gastrulation in the anterior neural tube, with the 
formation of the eye field176. The eye field is a pool of progenitors that express a set of 
eye field transcription factors (EFTFs), including Pax6, Rx, Six3, and Lhx2, and give rise 
to all the structures that constitute an eye177. This eye field splits in two and evaginates 
to give rise to two independent optic vesicles. The optic vesicle induces the “pre-lens” 
ectoderm to become a lens placode, which invaginates to form the lens vesicle. 
Simultaneously, the optic vesicle develops to become the two-layered optic cup which 
will form the neural retina, RPE and the optic nerve. At the initial stages of retinal 
development, the neural retina is a pseudostratified neuroepithelium formed by a pool 
of highly polarised elongated progenitors that give rise to all the different types of 
neurons present in the mature retina12,64,176. 
 
4.2 Retinal neurogenesis in zebrafish 
 
During retinogenesis, the retina develops from a pseudostratified neuroepithelium 
into a laminated tissue with the various cell types organised into the layers of the retina 
described previously (figure 2).  During this process, a pool of multipotent progenitors 
proliferates, becomes specified and differentiates to become retinal neurons178. Retinal 
neurons are known to arise in a specific order. In all vertebrates, the first cells are the 
retinal ganglion cells in the most basal layer of the retina178,179. The exact order by which 
the remaining cells arise differs among vertebrates180. In zebrafish, ganglion cells are 
followed by the PRCs, horizontal cells, amacrine cells and bipolar cells in the INL10. The 
final cell type to arise in the retina are the Müller glial cells.  The differentiation of these 
cell types occurs in a wave like manner across the retina, first detected in a patch of the 
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ventro-nasal retina (the ventral patch)178. Then the differentiation wave extends to the 
central region and finally into the dorsal and ventro-temporal directions36,166,181 as shown 
in figure 10A. 
Multipotent retinal progenitors are restricted to apical divisions when arranged as 
a pseudostratified neuroepithelium (figure 10B). Nevertheless, in later stages of 
retinogenesis with the formation of the three nuclear layers, committed precursors that 
give rise to amacrine cells, horizontal cells and bipolar cells emerge and can be found 
dividing at non-apical positions10.  In the ONL layer, nuclei of PRC precursors with a 
rectangular morphology can be found dividing apically (green cells in developing retina 
of figure 10B)10. 
 
 
Figure 10 - Retinogenesis during zebrafish retinal development.  
In A, a retinal section is represented with the ventral patch in green and an arrow that indicates 
the direction of the maturation process throughout the retina. B depicts the evolution of the 
developing retina over time, from pseudostratified neuroepithelium to a mature retina. In the 
retina, magenta cells represent progenitor cells from the pseudostratified neuroepithelium. In 
developing retina, PRC precursors are represented in green, bipolar cells are represented in 
grey, amacrine cell precursors are represented in red, horizontal in blue and ganglion cells in 
orange. In the mature retina, cells are represented with the same colours as in the developing 
retina.  
 
4.3 PRC maturation during retinal development in zebrafish 
 
Although functionally mature PRCs have the complex morphology described 
previously, they arise from relatively simple columnar progenitors10. In the past years, 
several studies have investigated PRC maturation in zebrafish. One of the most detailed 
descriptions of zebrafish retinal development has been conducted by Ellen A. Schmitt 
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et al. (1999)166 using electron microscopy. A summary of their findings can be seen in 
table 8 (Appendix) and is described below.  
During zebrafish retinal development, the PRC layer can be detected by 50 hpf10. 
Both rod and cone PRCs start maturing in the ventral patch, then expand differently 
throughout the retina. Cone PRCs expand from the ventral patch in the nasal direction 
while rod PRCs expand towards the ventro-temporal direction. The distribution of rod 
and cone PRCs is not homogeneous with rod PRCs concentrated within the ventral 
patch of the retina166.  
At 55 hpf, the first PRC OSs are detected in the ventral patch. Developing OS were 
observed to be approximately 1μm in length, and extend to an average length of 3 μm 
by 60 hpf. By this time, the IS grows to a length of 3–3.5 μm. Mitochondria are already 
visible on the apical side of the PRC, allowing a clear distinction between the ellipsoid 
and myoid166. 
By 62 hpf, a characteristic feature of the PRCs, the synaptic ribbons, are first 
detected. At this stage, ribbons are only detected in the ventral patch but by 70 hpf, they 
can be detected in other regions of the retina. Also by 70 hpf, rods start being observed 
in different regions of the retina166. 
By 74 hpf, the rod OSs in the ventral patch increased in size, to a maximum length 
of 5 μm and cones similarly show an increase in OS length to an average length of 3 
μm. In addition, cone PRCs present on the dorsal side already show the presence of 
calyceal processes166. 
At 96 hpf, EM data suggests the presence of two different types of cone PRCs 
based on cellular morphology and position within the PRCs layer. One cell-type 
resembles more the adult single sensitive cone PRCs (UVS or SWS cones), whereas 
the other resembles the adult double cone PRCs (LWS and MWS cones). Nevertheless, 
no paired double cone PRCs were identified in this study and differentiation between 
the different types of cells was not possible. By 12 days post fertilisation (dpf), PRCs 
start resembling their mature form, reaching 80% of the adult length, and all types of 
PRCs can be identified. Cone PRCs achieve their full adult dimensions earlier in 
development (15 dpf) in comparison to the rod PRCs (20 dpf)166.  
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5. Aim of my project 
 
For many years researchers have been trying to understand how PRCs function 
and develop2,182. Although a mature PRC is a highly compartmentalised cell, it arises 
from morphologically simpler columnar precursors10. The formation and maintenance of 
compartments of the mature PRCs is a highly regulated process. One of the 
experimental models currently used to understand this process is the zebrafish, because 
of the functional and structural similarities of the fish retina to the human retina23. In this 
study, I aimed to (1) identify and better characterise the initial maturation stages of PRCs 
development in zebrafish (from precursor cells stage to 120 hpf), and (2) to find new 
molecular players that control the maturation of the PRCs. Specifically, I intend to: 
 
1- Identify and characterise initial stages of PRCs maturation process: 
- Develop and characterise tools that allow a better understanding of PRC maturation 
process; 
- Characterise the morphological changes during PRCs compartmentalisation; 
- Identify the differences in growth rates and morphology of the cell compartments 
among subtypes of PRCs; 
- Understand how polarity is established and maintained during PRC maturation (protein 
polarity complexes, organelle distribution, OS formation). 
 
2- Look for molecular players with a function in PRCs maturation: 
-  Investigate possible function of Crb2b in zebrafish PRC maturation; 
-  Study the possible function of Kif25 in zebrafish PRC maturation. 
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RESULTS 
 
Part I - Morphological and cellular changes during 
PRC compartmentalisation 
1. Emergence and growth of PRC compartments during the 
maturation process 
 
Photoreceptor cell (PRC) maturation is a highly dynamic and tightly regulated 
process that morphologically leads to the formation of the basal compartment as well as 
the apical inner segment (IS) and outer segment (OS). In this section I aimed to 
understand when these compartments form and how they change in size throughout 
development. Additionally, I aimed to understand the differences in size and morphology 
of the cell compartments among different subtypes of PRCs.  
 
1.1 Tg(Ola.Actb:Hsa.HRAS-EGFP)vu119, a tool to study PRC 
compartmentalisation during maturation  
 
During retinal development, PRCs mature from a columnar precursor to become a 
highly compartmentalised cell10. To observe the formation of the different PRC 
compartments and the morphological changes that occur during this process. I used 
Tg(Ola.Actb:Hsa.HRAS-EGFP)vu119 (referred to as Tg(rasGFP) or simply rasGFP in 
figures). In this zebrafish transgenic line 20 amino acids of c-Ha-Ras are fused to eGFP, 
targeting it to the plasma membrane under the control of the Medaka beta-actin 
promoter183. To have a better understanding of the potential of the Tg(rasGFP) line as 
a tool to study PRC morphology and compartment formation, I started by characterising 
it at 72 hpf (figure 11), a very well-studied time-point in PRC development. 
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Figure 11 - Tg(rasGFP) line as a tool to identify PRC compartments.  
Retinal sections of zebrafish Tg(rasGFP) embryos at 72 hpf with endogenous fluorescence of 
membrane marked in green (referred as rasGFP). In A, confocal image of the full zebrafish eye 
with DAPI in blue. ONL and optic nerve are highlighted by white arrows. In A’ is shown a close 
up of the photoreceptor cells and a part of the RPE. The apical side of the cells is facing the top 
and the basal side is facing the bottom of the figure. This region ventral to the optic nerve is a 
representation of the location that will be used in all figures of this dissertation. In B-B’’’, small 
aligned fluorescent structures in the Tg(rasGFP) co-localise with ZO-1 in magenta and phalloidin 
in cyan (arrowheads), indicating the separation between IS and basal domain. In C, the 
fluorescent structure on the most apical region of PRCs (white arrowhead) co-localises with red 
opsin in magenta (obtained with use of Tg(opn1lw1:opn1lw1-NeonGreen/opn1lw2:opn1lw2-
mKate), transgenic line described in section 1.4 of this results section) highlighted with a white 
arrowhead in C’ and C’’. This confirms the structure to be OSs. Dashed lines present in figure 
B’’’-C’’ mark the OLM and the boxes in C’’ outline IS and OS of PRCs. Scale bars: 10 µm. 
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In order to image deep into the retinal tissue without compromising image 
resolution, I decided to cut retinal sections of the Tg(rasGFP) transgenic line. All data 
presented in this dissertation (unless stated otherwise) was obtained from the ventral 
region of the retina close to the optic nerve, as shown in figure 11A-A’. It is necessary 
to have this point of reference as retinal development happens in a wave-like manner, 
and different regions present cells in different stages of maturation. 
Confocal images of Tg(rasGFP) PRCs at 72 hpf show small fluorescent structures 
in the cell bodies that align with each other (arrowhead in figure 11B-B’’’). These 
structures co-localise with ZO-1 and phalloidin, showing the location of the outer limiting 
membrane (OLM). The identification of the OLM (junctions) is essential for the 
understanding of IS formation since it separates the apical side from the basal, indicating 
where the IS starts. These results prove that the Tg(rasGFP) line can be used without 
any additional marker to understand IS formation. Co-localisation between the aligned 
structures observed in Tg(rasGFP), ZO-1 and phalloidin was confirmed for all time-
points used in this dissertation (data not shown). 
In the most apical region of PRCs cone-like fluorescent structures (arrowhead in 
figure 11 C) can be observed. These structures co-localise with red opsin, indicating 
that this represents the OS (figure 11C-C’’). These results indicate that Tg(rasGFP) is a 
good tool to study in detail the overall morphology of PRCs as the formation of their 
various compartments takes place. 
Additionally, the presence of an OS with mKate tagged red opsin is visible, even 
with the absence of the plasma membrane marker (central OS in figure 11C-C’’). The 
lack of GPF fluorescence is due to the silencing of the rasGFP transgene in some cells 
of Tg(rasGFP) (figure 11C’’).  
 
1.2 Dynamic compartment formation during PRC maturation process  
 
In order to look at PRC morphology during the maturation process I performed a 
time-course using retinal sections of Tg(rasGFP). The time-course was initiated at 51 
hpf, upon the appearance of the ONL in the retina. For this time-course I used four hour 
intervals till 72 hpf and one day intervals from 72 hpf onwards (51 hpf, 55 hpf, 59 hpf, 
63 hpf, 67 hpf, 72 hpf, 96 hpf and 120 hpf). Initial time-points were chosen with short 
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intervals because at this stage fast morphological events happen that include the initial 
formation of the IS and OS. From 72 hpf onwards, obvious morphological changes come 
about more slowly. The 72 hpf, 96 hpf and 120 hpf time-points were chosen as these 
are the most commonly used time-points when studying zebrafish retinal development 
in the literature. At 120 hpf PRCs resemble adult PRCs in terms of their organellular 
distribution, polarity and localisation of polarity proteins. Between 120 hpf and 15-20 dpf 
PRCs grow to acquire their full adult dimentions166. My thesis work has therefore only 
focused on PRC maturation occurring between the stages of PRC precursors (51 hpf) 
and 120 hpf. 
 
 
Figure 12 - Cell junctions on PRCs precursors.  
Confocal imaging of retinal sections of zebrafish Tg(rasGFP) embryos at 51 hpf with ZO-1 
stained in magenta (A) and phalloidin in cyan (B). In C, endogenous fluorescence of Tg(rasGFP) 
is detected. Merge of all the stainings can be seen in D. White arrowheads in A, B and D indicate 
the location of the junctions in PRC precursors. In C, white arrowhead indicates a PRC precursor 
cell and the white arrow indicates cell division occurring in the PRC layer. Scale bars: 5 µm. 
 
Previous studies report the presence of PRC precursors with a columnar shape in 
the initial ONL. PRC precursors can divide to give rise to two independent PRCs10. At 
51 hpf, columnar shaped cells could be identified in the ONL (arrow in figures 12C and 
13A). Some of these show a round morphology, characteristic of cells in mitosis (arrow 
in figure 12 C). This suggests that the cells observed at 51 hpf in the ONL are PRC 
precursors, some of which are in the process of dividing and differentiating into PRCs.  
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At this time-point, the junctions could not be seen by the Tg(rasGFP) line. With the use 
of ZO-1 and phalloidin staining, it was possible to observe junctions at the most apical 
membrane of the cells (arrowhead in figure 12A-B and D), and no obvious sub-divisions 
of the apical membrane was observed. From this point onwards, all cells in the PRC 
layer that show a columnar shape with junctions present on the most apical membrane 
of the cell will be referred to as PRC precursors. 
 
 
Figure 13 - Formation of PRC compartments in the course of the maturation process.  
Confocal images of the PRC layer in retinal sections of Tg(rasGFP) at time-points: 51 hpf (A), 
55 hpf (B), 59 hpf (C), 63 hpf (D), 67 hpf (E), 72 hpf (F), 96 hpf (G), 120 hpf (H). In all figures 
one of the cells is outlined in green and dashed lines in figures B-H mark the OLM. “IS” and “OS” 
in the figure indicate the growing inner and outer segments respectively. Junctions of PRCs are 
highlighted with magenta circle. Scale bars: 5 µm. 
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At 55 hpf (figure 13B) the apical side of PRCs show an increase in size with the 
appearance of a presumptive IS. For the rest of the results section I will call IS to the 
presumptive IS observed. The apical membrane keeps growing until 59 hpf (figure 13C). 
At 63 hpf (figure 13D), the first OSs begin to emerge. By 67 hpf (figure 13E), all cells 
show an OS that is slightly larger than at 63 hpf. However, no other obvious differences 
can be observed between 63 hpf and 67 hpf.  Later in development, at 72 hpf (figure 
13F), both IS and OS show an increase in size in comparison to 67 hpf.  
With regards to the basal compartment, no obvious differences were detected from 
51 hpf to 67 hpf, throughout which the basal side shows a columnar shape. After 96 hpf, 
the basal compartment of most PRCs shows a curved morphology, associated with the 
formation of the synapses184. The first obvious structural differences in PRC morphology 
and size of different compartments among PRC subtypes can be detected from 96 hpf 
to 120 hpf (figure 13G-H). Despite the morphological differences among PRCs, by 120 
hpf an overall increase in the size of the apical membrane of the cell is observed. 
Previous cell transplantation experiments performed by Dr. Satu Kujawski 
(unpublished) suggested the existence of processes extending from the IS during PRC 
maturation. In the Tg(rasGFP) line, no such processes could be identified. However, 
with all membranes in such a crowded tissue tagged, it is not possible to identify single 
cells, making it difficult to determine the existence of these processes. In order to 
investigate the presence of processes in the IS of PRCs, I injected a rasmKate2 
construct10 into embryos at the 1-cell stage to obtain single cell resolution. These 
embryos where collected at the time-points used for the previous time-course (51 hpf, 
55 hpf, 59 hpf, 63 hpf, 67 hpf, 72 hpf) and visualised by confocal microscopy. During IS 
development, processes extending from the IS can be detected around 55 hpf - 59 hpf 
by confocal microscopy (figure 14A-B). Moreover, EM analysis of the developing IS 
shows the presence of membrane extensions growing from the IS (highlighted in green 
and with a magenta arrow in figure 14D). Additionally, rounded structures are observed 
surrounding the IS (arrowheads in figure 14D). These structures could be transversal 
cuts of the processes. Confocal imaging of single PRCs show that these processes are 
present when the OS initially forms. However, later in development, at about 72 hpf, no 
processes are detectable (figure 14C). To the best of my knowledge, the presence of 
processes in the growing IS prior OS development was not previously reported, and its 
importance is still to be understood.  
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Figure 14 - Formation of processes in the growing IS of maturing PRCs.  
Visualisation, by confocal imaging, of retinal sections of embryos at 59 hpf (A), 67 hpf (B) and 
72 hpf (C). All embryos were injected at 1 cell stage with rasmKate construct in order to obtain 
single cell resolution in the early stages of PRC maturation. Processes (white arrowhead in A) 
appear with the formation of the IS, and these processes are still visible when the OS formation 
takes place (processes highlighted by the white arrowhead in figure B). By 72 hpf no processes 
can be detected (C). From figure A-C, white dashed lines mark the OLM. In D, an electron 
micrograph of the section through the PRC layer in zebrafish embryo aged 55 hpf. PRC with cell 
membrane highlighted with magenta dashed line shows a process extending from the growing 
IS in green (magenta arrow). In addition, circular structures (showed by the magenta 
arrowheads) appear in the surrounding region of the cell that could be the result of transversal 
cuts in processes. Scale bars: A-C:5 µm, D:1 µm. 
 
 
RESULTS 
 
 
42 
As demonstrated above, PRC maturation is a highly dynamic process. Although 
the Tg(rasGFP) line allows for characterisation of the morphological changes involved 
in PRC maturation, the growth rates of different PRC compartments are still unexplored. 
The data on PRC compartment size during development is the first step for 
understanding what controls the growth. 
 
 
1.3 Quantification of PRC compartment growth during maturation  
1.3.1 PRC compartment length changes dynamically during maturation 
 
In order to better understand and quantify growth of PRCs during maturation, I 
measured the length of different compartments of PRCs (cell body, basal domain, IS 
and OS) in the Tg(rasGFP) line (figure 13). The cell body was measured from the mid-
point of the basal membrane to the mid-point of the apical membrane, in case no OS is 
present, and to the mid-point at the base of the OS in cells that already show the 
presence of an OS. The basal domain was measured from the mid-point of the basal 
membrane to the mid-point of the OLM. The IS was measured from the mid-point of the 
OLM to the mid-point of the apical membrane of the cell, in case no OS is present, and 
to the mid-point at the base of the OS in cells that already show the presence of an OS. 
Finally, the OS was measured from the mid-point at the base of the OS to the apical 
tip.   
Length measurements in Tg(rasGFP) at late time-points (from 96 hpf onwards) 
became challenging. With the plasma membrane of all cells in such a packed tissue 
labelled, it becomes impossible to distinguish individual cells, especially when looking 
at OSs. To avoid this I took advantage of embryos that endogenously silence the 
transgene in some cells. From 96 hpf, only samples where single cell resolution was 
possible were considered for this study. Since no significant difference was observed 
from 63 hpf to 67 hpf in the morphology of cells, only the 63 hpf time point was 
considered. 
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Figure 15 - Growth of the different compartments of maturing PRCs.  
Schematic representation of the lengths measured is shown in figures A, B, C and D. The cell 
body was measured from the mid-point of the basal membrane to the mid-point of the apical 
membrane of the cell, in case no OS is present, and to the mid-point at the base of the OS in 
cells that already show the presence of an OS (A). The basal domain was measured from the 
mid-point of the basal membrane to the mid-point of the OLM (B). The inner segment (IS) was 
measured from the mid-point of the OLM to the mid-point of the apical membrane of the cell, in 
case no OS is present, and to the mid-point at the base of the OS in cells that already show the 
presence of an OS (C). The outer segment (OS) was measured from the mid-point at the base 
of the OS to the tip of the OS (D).  Length of different PRC compartments, cell body (A’), basal 
domain (B’), IS (C’) and OS (D’), are represented in box plots with calculated minimum, 25th 
percentile, mean, 75th percentile and maximum. X-axis shows the age of embryos in hpf, and y-
axis shows the length measured in µm. For all time-points at least 4 independent embryos and 
45 independent cells in total were measured. Statistical significance was calculated by a one-
way ANOVA followed by Tukey's multiple comparison test. All samples that show no statistically 
difference are highlighted with “n.s.” (p<0.05). Dashed lines mark the level of the OLM. Scale 
bars: 5 µm. 
 
Looking at the compartmentalisation of the cell during PRC maturation, I observed 
that the growth rates of the different compartments are very dynamic and show an 
increase in variability at later time-points. More specifically, the cell body of PRC 
precursors at about 51 hpf varies in size from 8.1 µm to 11.5 µm, with an average size 
of 9.9 µm. By 59 hpf the cell body increases in size, reaching an average of 13.4 µm. 
Cell body lengths observed at 59 hpf and 63 hpf are not statistically different, which 
suggests a pause in growth during the emergence of the OS. From 72 hpf onwards the 
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cell body shows a small decrease in average length. Nevertheless, a maximum value 
for the cell body length increases when compared to 63 hpf. This is accompanied by a 
higher variability in values. By 120 hpf the cell body shows an average of 14.1 µm with 
a minimum value of 8.6 µm and maximum value of 19.8 µm. On average, the cell body 
increases by 4µm from PRC precursors stage to 120 hpf. 
Considering the length of the basal domain, no significant changes were observed 
from 55 hpf to 63 hpf. Nevertheless, the lateral domain shows a decrease in length from 
72 hpf (mean of 10.3 µm) to 96 hpf (mean of 8.2 µm), followed by a small increase from 
96 hpf and 120 hpf (mean of 9.1 µm). This suggests that the lateral compartment does 
not contribute to the initial increase in PRC cell body length, but does contribute to the 
decrease in average cell body length at later time-points (from 72 hpf onwards). 
The apical domain of the PRCs can be subdivided into two segments, the IS and 
the OS. A growing IS can already be detected by 55 hpf with an average size of 0.9 µm. 
From 55 hpf to 59 hpf the IS shows an increase in size, reaching an average size of 2.1 
µm. Similar to the cell body length, no significant difference in the IS size can be 
observed between 59 hpf and 63 hpf. Once again, this data suggests a pause in cell 
growth, more particularly of the IS, when the formation of the OS starts. From 63 hpf, 
after the appearance of OS, the IS continuous increasing its size over time. The OS 
starts being visible at about 63 hpf in some of the cells, with an average length of 0,6 
µm. The length of the OS increases in a more linear manner compared to the other cell 
compartments. By 120 hpf, the OS reaches an average size of 10 µm. For both IS and 
OS a higher variability is observed from72 hpf onwards (figure 15). I hypothesise that 
this variability arises from natural differences in cell compartment sizes among PRC 
subtypes. To investigate this, I observed the morphology of PRC subtypes and 
quantified the size of their compartments. 
 
1.3.2 Different subtypes of PRCs show differential growth rates during later 
stages of the maturation process 
 
In order to measure subtype-specific growth rates, Tg(rasGFP) retinal sections 
were stained with antibodies against different opsins (rhodopsin, UV, red and blue) to 
distinguish between PRC subtypes (rods, UVS, LWS and SWS cones respectively). For 
these measurements, I investigated the time points when the largest variability was 
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obtained, namely 72 hpf, 96 hpf and 120 hpf. Unfortunately, MWS cones could not be 
identified as an antibody against green opsin was not available. 
 
 
Figure 16 - Morphology of different PRCs subtypes at 120 hpf.  
Confocal imaging of retinal sections of Tg(rasGFP) embryos stained against rhodopsin (A’-A’’), 
UV opsin (B’-B’’), blue opsin (C’-C’’) and red opsin (D’-D’’). Confocal images are accompanied 
by schematic cartoons of the different subtypes of PRCs at 120 hpf (rod (A), UVS (B), SWS (C) 
and LWS (D)). Schematic cartoons were drawn taking into account fluorescence obtained from 
Tg(rasGFP) and opsin stainings, which does not allow a clear visualisation of the synapses, 
meaning, the synaptic terminals are not made to scale and shape. Dashed lines mark the level 
of the OLM; OS = outer segment and IS = inner segment. Scale bars = 5 µm.  
 
Opsin staining in Tg(rasGFP) allowed for visualisation of the different 
morphologies of PRC subtypes. Obvious differences in morphology were evident from 
96 hpf onwards. At 96 hpf UVS cones and rods became clearly distinguishable, rods by 
their very thin cell body, and UVS cones by their small IS. The remaining PRC subtypes 
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(LWS, MWS and SWS cones) were not able to be distinguished at this stage. These 
differences became more evident by 120 hpf (figure 16). 
To investigate differences in morphology and growth rate of the different 
compartments between PRC subtypes, I measured the cell body, IS and OS length. 
These measurements were conducted as described previously (figure 15) in 
Tg(rasGFP) retinal sections stained for different opsins (red, blue, UV and rhodopsin). 
In addition, I measured the OS width i.e. the length of the OS base as marked in figure 
19D. 
 
 
Figure 17- Cell body length in different subtypes of PRCs.  
A is a schematic representation of the cell body length measured in PRCs at 72 hpf by the use 
of Tg(rasGFP). The cell body was measured from the mid-point of the basal membrane to the 
mid-point of the apical membrane of the cell, in case no OS is present, and to the mid-point at 
the base of the OS in cells that already show the presence of an OS. Cell body length of different 
PRC subtypes, rods (B’), UVS cones (B’), SWS cones (B’’) and LWS cones (B’’’) are shown in 
box plots with the calculated minimum, 25th percentile, mean, 75th percentile and maximum. X- 
axis shows age of the embryos in hpf and y-axis shows the length measured in µm. All 
measurements were obtained from retinal sections stained with different opsin antibodies. Only 
cells present on the ventral side of the optic nerve were counted. For all time-points at least 4 
independent embryos and 20 independent cells in total were measured. Dashed line marks the 
OLM. Statistical significance was calculated by a one-way ANOVA followed by Tukey's multiple 
comparison test. The significance is as follows: n.s. (non-significant) = P>0.05; *=P≤0.05; **=P≤ 
0.01; ***=P≤0.001; ****= P≤0.0001. Scale bars: 5 µm.  
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For both IS and cell body, no obvious differences in length among PRC subtypes 
was detected at 72 hpf (figure 17-18). Obvious differences started being observed by 
96 hpf, and increase over time. Rods and LWS cones showed a significant increase 
from 72 hpf to 120 hpf. In contrast, UVS cones showed a decrease from 72 hpf to 120 
hpf and SWS cones did not show any significant changes in cell body size from 96 hpf 
to 120 hpf. At 120 hpf, UVS cones showed the smallest cell body with an average of 
10.8 µm, followed by the SWS cones with 17.2µm, LWS cones with 18.2 µm and finally 
rods with 18.8 µm. This data shows that it is essential to distinguish PRC subtypes when 
quantifying PRC growth for time-points later than 72 hpf.  
When considering the morphology of different PRCs during the maturation 
process, differences in height and width of the OS were evident. In order to better 
analyse these differences during OS growth, I measured both OS height and width for 
LWS, SWS, UVS cones and rods. Contrary to the cell body and the IS length, PRC 
subtypes already show obvious differences in OS height and width at 72 hpf. LWSs and 
SWSs show the smallest average heights, with 2.8 µm and 2.6 µm respectively. No 
statistical difference was observed (p<0.05) between these two subtypes. UVSs show 
the largest OS length with an average of 5.3 µm, followed by rods with 3.3 µm.  When it 
comes to OS width, no significant differences were observed among the cone PRCs, 
which have average OS widths between 1.2 µm and 1.3 µm. Rods, on the other hand, 
show almost double this width, with an average of 2.1 µm.  
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Figure 18 - Inner segment growth in different PRC subtypes.  
Schematic representation of the IS length measured (Tg(rasGFP)) in A. IS length was 
determined by measuring the distance between the mid-point of the OLM to the mid-point at the 
base of the OS. IS length of different PRC subtypes (rods (B), UVS (B’), SWS (B’’) and LWS 
cones (B’’’)) are represented in box plots with calculated minimum, 25th percentile, mean, 75th 
percentile and maximum. X- axis shows the age of embryos in hpf and y-axis shows the length 
measured in µm. All measurements were obtained from retinal sections stained with different 
opsin antibodies. Only cells present on the ventral side of the optic nerve were counted. For all 
time-points at least 4 independent embryos and 20 independent cells in total were measured. 
Dashed lines mark the OLM. Statistical significance was calculated by a one-way ANOVA 
followed by Tukey's multiple comparison test. The significance is as follows: n.s. (non-
significant) = P>0.05; *=P≤0.05; **=P≤ 0.01; ***=P≤0.001; ****= P≤0.0001. Scale bars: 5 µm. 
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Figure 19 - Outer segment growth in different PRC subtypes.  
Schematic representation of OS height (A) and width (C) measured in PRCs at 72 hpf by the 
use of Tg(rasGFP). OS height was calculated by measuring the distance from the mid-point at 
the base of the OS until the tip of the OS. OS width was calculated by measuring the length of 
the OS base as shown in figure D. OS height and width of different PRC subtypes, rods (B, D), 
UVS (B’, D’), SWS (B’’, D’’) and LWS cones (B’’’, D’’’) are represented in box plots with 
calculated minimum, 25th percentile, mean, 75th percentile and maximum. X-axis shows age of 
the embryos in hpf and y-axis shows the length measured in µm. All measurements were 
obtained from retinal sections stained with different opsin antibodies. Only cells present on the 
ventral side of the optic nerve were counted. For all the time-points at least 4 independent 
embryos and 20 independent cells in total were measured. Dashed lines mark the OLM. 
Statistical significance was calculated by a one-way ANOVA followed by Tukey's multiple 
comparison test. The significance is as follows: n.s. (non-significant) = P>0.05; *=P≤0.05; **=P≤ 
0.01; ***=P≤0.001; ****= P≤0.0001. Scale bars: 5 µm. 
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During the maturation process, rods, UVS and SWS cones show an increase in 
both OS height and width. On the other hand, LWS cones show a small increase in OS 
height but no significant difference in OS width. By 120 hpf, LWS are the PRCs with the 
smallest average height, 4.0 µm, followed by SWS cones with 7.4 µm, rod PRCs with 
8.4 µm and finally UVS cones with a height of 12.7 µm.  Regarding OS width, rod PRCs 
are the widest with 2.9 µm, followed by UVS cones with 2.3 µm, SWS cones with 2.0 µm, 
and finally LWS cones with 1.2 µm. This data suggests that differences in OS size exist 
not only between rod and cone PRCs, but also among cone PRC subtypes. 
Considering the values obtained for all measurements in all PRC subtypes (IS, OS 
width, OS height and cell body), a distribution similar to the measurements from the 
Tg(rasGFP) (figures 17C, 18C, 19C and 19F) is obtained. This suggests that the 
variability of the cell morphology parameters observed when measuring compartments 
in Tg(rasGFP) from 72 hpf onwards (figure 15) is due to the different individual growth 
rates of the PRC subtypes. 
Although OS height and width is a useful measurement in characterising the 
different maturation stages of PRCs and can be used to quantify apical growth when 
investigating retinal development, disease, or mutations, it has its limitations. PRC OSs 
are 3D structures that can become tilted in the later stages of development, which is not 
taken into account when measuring the OS height. Moreover, opsin staining in zebrafish 
demands the use of non-commercial antibodies, which are often not readily available.  
Thus, in order to address this and analyse OS growth reliably, it became necessary to 
measure the volume of the growing OSs. 
 
1.4 Generating of a tool to study OS growth in 3D  
1.4.1 Generation of a Red opsin transgenic line 
 
In order to obtain 3D measurements of OS development, a transgenic line that 
fluorescently labels the OS was generated. In order to take advantage of the fact that 
zebrafish has a cone dominated retina, I decided to tag a cone opsin. Red opsin was 
chosen for this line as LWS cones are one of the most abundant cone subtypes in the 
zebrafish retina30,104, and the OSs of LWS cones show the lowest variability in OS height 
and width as measured in the previous section. This would be of importance when 
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analysing mutants, where developmental staging is complicated due to various 
phenotypic defects, and the low variability in OS dimensions make red opsin a reliable 
marker. 
In zebrafish, there are two red opsin genes expressed in LWS cones (opn1lw1 and 
opn1lw2)185. These genes are next to each other in the zebrafish genome185. In adults, 
opn1lw1 expression was shown to be confined to the peripheral and opn1lw2 to the 
central retina185,186.  
Tg(opn1lw1:opn1lw1-NeonGreen/opn1lw2:opn1lw2-mKate), referred to as 
Tg(LWS) from now on, was generated by the use of a BAC insertion containing all the 
regulatory elements of red opsin genes to mimic endogenous expression patterns (BAC 
used is represented in figure 56 of Appendix section). Full length red opsin 1 (opn1lw1) 
and red opsin 2 (opn1lw2) genes were fused to Neongreen and mKate2 respectively, 
as indicated in figure 20.  
 
 
Figure 20 – Generation of red opsins transgenic line in zebrafish.   
Schematic illustration of the construct used for the generation of Tg(opn1lw1:opn1lw1-
NeonGreen/opn1lw2:opn1lw2-mKate), referred as Tg(LWS). 
 
 
1.4.2 Expression of the transgene in the outer segments of LWS cones 
 
At 120 hpf mKate2 could be detected in the zebrafish retina by the use of a 
fluorescence stereoscope but no NeonGreen was detected. To confirm whether 
NeonGreen and mKate2 could be detected in the PRC layer of the adult retina, whole 
eyes were fixed and the presence of endogenous fluorescence of NeonGreen and 
mKate2 were observed in retinal sections (figure 21A-C). Endogenous fluorescence 
could not be detected without sectioning. This is because the pigment in the retinal 
pigment epithelium surrounding the PRCs in the adult retina prevents visualisation of 
the fluorescence. In Tg(LWS), both Opn1lw1-NeonGreen and Opn1lw2-mKate2 are 
localised in the PRC layer, apical to the nuclei (figure 21A-C). Opn1lw1-NeonGreen was 
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detected in the most ventral area of the adult retina and Opn1lw2-mKate2 in the central 
region of the adult zebrafish retina (Fig2. A-C). This is in accordance to what was 
previously reported186. 
 
 
Figure 21 - Opn1lw1-NeonGreen and Opn1lw2-mKate2 are detected in OS of LWS cones. 
In A-C, confocal microscopy of the Tg(LWS) zebrafish retina, ventral to the optic nerve 
(highlighted with arrow in C). Endogenous fluorescence of Opn1lw1-NeonGreen is seen in 
green, and Opn1lw2-mKate2 in magenta. Arrowheads are highlighting endogenous 
fluorescence of Tg(LWS). In D-F, is depicted the ONL of retinal sections of Tg(LWS) adult 
stained with red opsin antibody (cyan). In F is visible the measurements of endogenous 
fluorescence of Opn1lw2-mKate2 (magenta) and a merge with DAPI in blue and bright-field. Co-
localisation of Opn1lw2-mKate2 endogenous fluorescence and red opsin is highlighted by white 
arrow in F. Scale bars: A-C 100 µm; D-F: 10 µm. 
 
 
Tagging endogenous proteins always presents a possibility that protein folding or 
function is altered. To control for this, I investigated the localisation of the fluorescent 
transgenes, OS development and dimensions, and finally expression patterns of the 
fluorescent constructs during development. In PRCs, all opsin proteins are known to be 
generated in the IS and are actively transported into the OS through the connecting 
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cilium77. To confirm that both fluorescent transgenes localise to the OSs of the LWS 
cones, I conducted immunostaining with a red opsin antibody187, which recognises both 
red opsin proteins. 
Retinal sections of adult Tg(LWS) stained with the red opsin antibody, show that 
the endogenous fluorescence of Opn1lw2-mKate2 overlaps with the red opsin in the OS 
of LWS cones (figure 21D-F, arrowhead). This indicates that the expression of Opn1lw2-
mKate2 is indeed restricted to the LWS cones. Due to the restricted amount of red opsin 
antibody available, localisation of Opn1lw1-NeonGreen in PRCs could not be confirmed.  
 
1.4.3 Expression of the Tg(LWS) transgene does not lead to altered OS 
development in LWS cones 
 
When generating Tg(LWS) (BAC transgenic line), extra copies of opn1lw1 and 
opn1lw2 were inserted into the zebrafish genome, which could result in overexpression 
of Opn1lw1 and Opn1lw2. Correct expression levels of opsin proteins are important for 
correct OS formation, as previous reports have shown that overexpression of opsin in 
the retina can lead to enlargement of PRC OSs188,189.  
In order to test if Tg(LWS) shows alterations in LWS OSs size I measured OS 
length and width in Tg(LWS)/Tg(rasGFP) and compared it with OS of Tg(rasGFP) 
stained with red opsin antibody at 72 hpf, 96 hpf and 120 hpf. When comparing OS 
height and width in both Tg(LWS) and control cells no significant change was observed. 
This indicated that the presence of the transgene does not affect OS growth and 
development (figure 22). 
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Figure 22 - Expression of tagged opsin in Tg(LWS) does not lead to defects in OS size.   
LWS OSs height (A) and width (B) were measured in both Tg(LWS)/Tg(rasGFP) (white box) 
and Tg(rasGFP) stained with red opsin antibody (grey box with dots) at 72 hpf, 96 hpf and 120 
hpf. Measurements were done in accordance to what was showed in figure 19. OS height was 
calculated by measuring the distance from the mid- point at the base of the OS until the tip of 
the OS. OS width was calculated by measuring the length of the OS base. All measurements 
are represented in box plots with calculated minimum, 25th percentile, mean, 75th percentile and 
maximum. X-axis shows age of the embryos in hpf and y-axis shows the length measured in 
µm. For all time-points and different transgenic lines at least 3 independent samples were used 
and 20 measurements done. Statistical significance was calculated by a one-way ANOVA 
followed by Tukey's multiple comparison test.  n.s.= not statistically different. 
 
 
1.4.4 Opn1lw1-NeonGreen and Opn1lw2-mKate2 are differentially 
expressed during retinal development 
 
To investigate the temporal and spatial expression of Opn1lw1-NeonGreen and 
Opn1lw2-mKate2 during zebrafish retinal development, endogenous expression of 
these proteins was analysed in both live embryos and fixed retinal sections. Previous 
reports using in situ hybridisation have shown that opn1lw2 is the first red opsin detected 
in the zebrafish retina, at about 40 hpf 186. In Tg(LWS), fluorescence expression of 
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Opn1lw2-mKate2 protein was first detected at about 30 hpf in PRCs present in the pineal 
gland (figure 23A). At 72 hpf, Opn1lw2-mKate2 could be detected in the developing OS 
of LWS cones in the whole retina. This data suggests that Opn1lw2-mKate2 mimics the 
temporal and spatial expression of the endogenous opn1lw2. On the contrary, Opn1lw1-
NeonGreen could not be detected in any stage of early zebrafish development. Taking 
into account that Opn1lw1-NeonGreen was expressed in adult retinas, I wanted to 
identify when is Opn1lw1-NeonGreen first detected in the developing retina.  
To study the onset of Opn1lw1-NeonGreen expression, I generated a time series 
of retinal sections for Tg(LWS) zebrafish from 72 hpf onwards. In late stages of zebrafish 
development (after 120 hpf), body length proved to be a more precise method to stage 
development190. Therefore, fish were collected at 72 hpf, 120 hpf but from 120 hpf 
onwards, fish were staged according to body length: 3.8 mm, 4.9 mm, 5.9 mm, 6.4 mm, 
7.2 mm, 8.6 mm, 11 mm and 13 mm. All embryos collected were sectioned, stained with 
DAPI, and the presence of Opn1lw1-NeonGreen endogenous fluorescence was 
investigated using confocal imaging. Previous reports show the expression of opn1lw1 
mRNA between 3.5 dpf and 5.5 dpf186. In Tg(LWS), Opn1lw1-NeonGreen was first 
detected in 8.6 mm larvae (approximately 2 weeks post fertilisation), both in the retina 
and in the pineal gland (figure 23C-G’’). In the retina, Opn1lw1-NeonGreen could only 
be detected in the periphery of the ventral region of the retina. At this stage, Opn1lw2-
mKate2 was only detected in the central and dorsal regions of the retina, and could no 
longer be detected in the periphery of the ventral region. The temporal difference 
between the reported expression of endogenous opn1lw1 mRNA (by 120 hpf) in WT 
and the detection of Opn1lw1-NeonGreen in TG(LWS) (at two weeks) raised the 
question whether opn1lw1-NeonGreen was already transcribed at 120 hpf. 
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Figure 23 - Opn1lw1-NeonGreen and Opn1lw2-mKate2 protein expression during 
zebrafish retinal development.  
In A, expression of Opn1lw2-mKate2 in the pineal gland (arrow) of a live zebrafish embryo at 48 
hpf. In B and B’, retinal section of Tg(LWS) at 72 hpf with Opn1lw2-mKate2 in magenta and 
DAPI in blue. Dashed line in B’ represents the OLM. In C-F, overview of a Tg(LWS) retina with 
8.6 mm standard length with Opn1lw1-NeonGreen in green, Opn1lw2-mKate2 in magenta, and 
DAPI in blue. In F’, zoom in on ONL showed in F with arrow highlighting endogenous expression 
of Opn1lw1-NeonGreen in green and Opn1lw2-mKate2 in magenta. In G, overview of a 
Tg(LWS) pineal gland with 8.6mm standard length with Opn1lw2-mKate2 in magenta, Opn1lw1-
NeonGreen in green and DAPI in blue. In G’-G’’, zoom of PRCs in zebrafish pineal gland with 
8.6 mm standard length. Scale bars: A – 1mm; B, C-F and G -100 µm; B’, F’, G’ and G’’: 10 µm.  
 
 
To address this question, I used RT-PCR to compare the gene expression of 
opn1lw1 in WT and opn1lw1-NeonGreen in Tg(LWS) at different developmental stages 
(72 hpf, 120 hpf, 3.8 mm). This allowed me to check if both genes were expressed in 
the same developmental stages. As a positive control, I used adult retinas, where 
endogenous opn1lw1 and opn1lw1-NeonGreen are known to be expressed. As a 
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negative control, primers against NeonGreen were tested in WT adult retinas, and no 
amplification of DNA was obtained (figure 24A). When comparing the expression of 
opn1lw1 mRNA in WT and opn1lw1-NeonGreenin Tg(LWS), both genes were 
expressed in all stages (figure 24B). This indicates the presence of opn1lw1-NeonGreen 
mRNA expression long before the Opn1lw1-NeonGreen protein can be detected, 
possibly due to regulation of Opn1lw1 expression at the translational level. Although 
Opn1lw1 is only detected in later stages of retinal development, Opn1lw2 is detected 
early. Thus, the bright signal obtained from the Opn1lw2-mKate2 can be used to study 
OS formation during retinal development.  
 
 
 
Figure 24 - opn1lw1-NeonGreen and opn1lw2-mKate2 mRNA expression during zebrafish 
retinal development.  
In A, NeonGreen RT-PCR product from cDNA of adult retinas Tg(LWS) and WT zebrafish 
(negative control). In B, opn1lw1 RT-PCR product from cDNA of WT zebrafish at 72 hpf, 120 
hpf, 8.6 mm full larvae and adult retinas (wells 1 to 4); NeonGreen RT-PCR product from cDNA 
of Tg(LWS) zebrafish at 72 hpf, 120 hpf, 8.6 mm full larvae and adult retinas (wells 5 to 8).  
 
 
1.5 Quantification of OS growth by 3D measurements in LWS cones 
during PRC maturation 
 
With the use of Tg(LWS) transgenic line, LWS OSs can be easily imaged live or in 
fixed samples. The clear and bright signal obtained from this transgene allows easy 
segmentation of OS and measurement of volumes by the use of IMARIS software 
(Bitplane, Zurich, Switzerland). The measurement of OS volumes during retinal 
development allows for a better understanding of the growth of this segment. When 
crossing Tg(rasGFP) with Tg(LWS), a powerful tool to observe LWS cones development 
is created. This double transgenic line allows visualisation of PRC cell body and OSs of 
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LWS cones. This is essential when studying the function of genes important for OS 
formation and apical size control.  
At 72 hpf, LWS cones show OSs with an average volume of 1.95µm3. From 72 hpf 
to 96 hpf OSs shows a small increase (2.2µm3) in volume. This increase of the OS was 
not detected when measuring OS length. This demonstrates the differences in sensitivity 
of the 2D and 3Dquantification methods. By 120 hpf, OSs show another small increase 
in size to an average of 5.84µm3 (figure 25). 
 
 
Figure 25 - Volume measurements of OS growth in LWS cones.  
OSs volume of LWS cones at 72 hpf, 96 hpf and 120 hpf. All volume measurements were 
obtained by the use of IMARIS software and are represented in box plots with calculated 
minimum, 25th percentile, mean, 75th percentile and maximum. X-axis shows age of the embryos 
in hpf and y-axis shows the volume measured in µm3. For every time-point, 4 retinal sections of 
independent embryos were imaged and at least 30 cells measured in total. Statistical 
significance was calculated by a one-way ANOVA followed by Tukey's multiple comparison test. 
The significance is as follows: n.s. (non-significant) = P>0.05; *=P≤0.05; **=P≤ 0.01; 
***=P≤0.001; ****= P≤0.0001.  
 
2. Ciliogenesis in zebrafish PRCs 
 
The correct formation of the PRC cilium is essential for phototransduction. During 
the initial stages of ciliogenesis the basal body docks to the apical membrane of the 
PRCs before the membrane discs of the OS start forming49,54. According to my previous 
results, OS start being detected in Tg(rasGFP) at about 63 hpf. In this section I aimed 
to understand when ciliogenesis starts during zebrafish PRC maturation and if the 
ciliogenesis pathway characterised in mouse is conserved in zebrafish PRCs.  
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In order to understand when the first step of ciliogenesis occurs, I conducted 
immunofluorescence staining of the transition zone/axoneme of the cilia with an 
antibody against acetylated tubulin (Ac-tub)191. At 51 hpf, cilia can already be detected 
on the most apical membrane of PRC precursors (stage 3 in mouse ciliogenesis)71 
(figure 26A-A’). Presence of the cilium docked on the apical membrane of PRCs is also 
observed by EM (figure 27A). This indicates that ciliogenesis starts long before OS 
membrane disc formation. Later in development (55 hpf), an increase in axoneme length 
can be observed by EM before formation of the membrane discs (stage 4 of mouse 
ciliogenesis)71 (figure 27C). During this growth of the axoneme (51 hpf – 55 hpf), the 
presence of vesicles traveling along the axoneme was identified by EM (figure 27B, 
magenta arrowhead), which could be important for OS membrane discs formation. 
Importantly the axonemal growth in the initial stages of ciliogenesis observed by EM 
could not be detected by immunofluorescence. Only after formation of disc membranes 
(72 hpf), an increase in axoneme length was detected by Ac-tub antibody (figure 26B-
E’). This highlights the necessity of using high resolution imaging techniques such as 
EM when investigating cellular development. 
Previous studies in mouse showed that the initial OS membrane discs emerge 
parallel to the axoneme and become perpendicular to the axoneme as ciliogenesis 
continues49. In order to understand how the OS membrane stacks form in zebrafish I 
performed EM to observe the growing OSs at 63 hpf. In zebrafish, the membrane discs 
were discovered to be perpendicular to the axoneme from the initial stages of 
development (figure 27E-F). Exceptionally, OS membrane discs were observed parallel 
to the axoneme one time only (figure 27D). 
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Figure 26 - Cilia growth during PRC maturation process.  
Ac-tub staining in retinal sections of Tg(rasGFP) embryos at 51 hpf (A-A’), 59 hpf (B-B’), 63 hpf 
(C-C’), 72 hpf (D-D’) and 120 hpf (E-E’). Dashed lines mark the level of the OLM and with 
arrowheads highlight Ac-tub staining. Scale bars: 5 µm. 
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Figure 27 - Ciliogenesis in zebrafish PRCs. 
Electron micrographs of sections through the photoreceptor cell layer in zebrafish embryos with 
51 hpf - 63 hpf. In A and B, growing cilium docked at the apical membrane with small axoneme 
emphasised by the magenta arrowhead. In B, a small vesicle is observed in the growing cilium 
(magenta arrowhead). Mitochondria and Golgi complex highlighted with the use of “M” and “G” 
respectively, and nucleus with “N”. In C, a more elongated axoneme is visible (magenta 
arrowhead). Mitochondria were marked with “M”, Golgi complex with “G” and endoplasmic 
reticulum with “ER”. In D, membrane discs (magenta arrow) are forming perpendicular to the 
growing cilium (magenta arrowhead). In E and F, membrane discs (magenta arrow), parallel to 
the growing cilium. Axoneme in F is highlighted with magenta arrowhead. Scale bars: 0.25 µm  
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3. Cell organelles arrangement is highly dynamic during PRC 
maturation process 
 
Localisation and structure of nuclei, Golgi, endoplasmic reticulum (ER) and 
mitochondria in mature PRCs have been extensively described over the years45,165. In 
this section, I investigated the establishment of organelle distribution and changes in 
morphology during the PRC maturation process. 
 
3.1 Mitochondria show a dynamic distribution during early stages of 
PRC maturation 
 
The IS of mature PRCs is divided into ellipsoid and myoid regions. The ellipsoid 
region, the most distal part of the IS, is characterised by the presence of 
megamitochondria (MM) and the lower myoid region is characterised by the presence 
of the ER and Golgi165. To better understand the development of mitochondria 
distribution during PRC maturation I used EM and confocal microscopy on Tg(EF-
1a:MLS-EGFP) (referred to as Tg(mito:GFP))192, a transgenic line that marks 
mitochondria with GFP in all cells.  In this transgenic line EGFP is fused with a 
mitochondrial localisation sequence (MLS), under the control of EF-1a promoter. 
In zebrafish embryos at 51 hpf, mitochondria are randomly distributed in the whole 
cell body of PRC precursors (figure 28). Later in development (55 hpf -59 hpf), with the 
formation of the IS, mitochondria start to be localised in the more apical region of PRCs 
(figure 29A-A’).  Due to the small length of the growing IS at these stages, mitochondria 
can be found not only on the apical side, but also below the OLM level. At this stage 
(55-59 hpf), unusually large mitochondria (previously indicated as megamitochondria165) 
can already be found in some PRCs (arrow in figure 30). Furthermore, during the initial 
stages of IS formation, mitochondria are dispersed in the IS together with the Golgi 
apparatus (figure 30). 
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Figure 28 -  Mitochondria distribution in PRC precursors.  
In A, electron micrograph of section through the photoreceptor cell layer in a zebrafish embryo 
at 51 hpf showing mitochondria distributed in the cytoplasm of PRC precursors. Cell membrane 
are highlighted with magenta dashed line, mitochondria with a magenta arrowhead, and the 
nuclei with “N”. In B and B’ a confocal image of PRCs in zebrafish embryos at 51 hpf is shown. 
Tg(mito:GFP) in magenta marking the mitochondria (white arrowhead) and in green Tg(rasGFP) 
which marks the plasma membrane of PRC precursors. Scale bars: A – 1 µm, B-B’ – 5 µm. 
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Figure 29 - Mitochondria in PRCs during maturation process.  
Retinal sections of zebrafish embryos at 59 hpf (A-A’), 63 hpf (B-B’), 72 hpf (C-C’), 96 hpf (D-
D’) and 120 hpf (E-E’). Endogenous fluorescence of Tg(mito:GFP) is depicted in magenta and 
Tg(rasGFP) in green. Dashed lines mark the level of the OLM and white arrowheads point to 
the mitochondria in PRCs. Scale bars: 5 µm.  
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With the formation of the OS, the PRC mitochondria become mostly restricted to 
the most apical region of the IS, and identification of myoid and ellipsoid regions starts 
to become possible in some cells. In mature PRCs, mitochondria are shown to exist in 
clusters, and the extent of clustering differs between PRC subtypes165. However, based 
on the EM and confocal imaging of Tg(mito:GFP) at 63 hpf (figures 29B-B’ and 31), it is 
not possible to conclude if the initial mitochondria clusters observed in some cells are 
restricted to any one PRC subtype. 
Previous EM studies showed the presence of mitochondrial clusters in all zebrafish 
PRCs at 96 hpf, with MM restricted to cone PRCs46. Here (figure 32), mitochondrial 
clusters were identified in all PRCs from 72 hpf onwards. In accordance with previous 
studies, MM were only detected in PRCs with small OS width characteristic from cone 
PRCs (figure 32, mitochondrial clusters containing MM are highlighted with “M” and 
mitochondrial clusters without MM are highlighted with a magenta arrow). This indicates 
that differences in mitochondrial size between rods and cones are already identifiable 
at 72 hpf.  
From 72 hpf to 120 hpf, no obvious differences in mitochondrial clustering size can 
be observed by confocal imaging of Tg(mito:GFP) retinal sections (figure 29C-E’). 
However, the position of the mitochondrial clusters show changes over time, as the ISs 
of different PRC subtypes are growing at different rates. At 72 hpf, mitochondrial clusters 
are all aligned with each other and restricted to the ellipsoid region of PRCs. Two rows 
of mitochondrial clusters in the PRC layer can be identified at 96 hpf.  These two rows 
are very close together at 96hpf, but become spread apart over development. By 120 
hpf three distinct rows of mitochondrial clusters can be observed (arrows in figure 29E-
E’). Therefore, it can be stated that between 72 and 120 hpf, one of the most striking 
processes involving mitochondria is localisation of the mitochondrial clusters within the 
PRC layer.  
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Figure 30 - Ultrastructure of PRCs during development of the IS. 
Electron micrograph of section through the central area of the PRC layer in a zebrafish embryo 
at 55 hpf. Random distribution of mitochondria (“M”) and Golgi complex (“G”) are visible in the 
growing IS of PRCs. Megamitochondrion is highlighted with magenta arrow. Nuclei are 
highlighted with “N” and growing cilium with the magenta arrowhead. Scale bar: 1 µm. 
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Figure 31 - Ultrastructure of PRCs during emergence of OSs.  
Electron micrograph of section through the central area of the PRC layer in a zebrafish embryo 
at 63 hpf. Nuclei (“N”) are highlighted with “N”, mitochondria with “M”, Golgi complex with “G” 
and growing OSs with the magenta arrowheads. Scale bar: 1 µm. 
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Figure 32 - Ultrastructure of PRCs at 72 hpf in the ventral patch of the zebrafish retina. 
Electron micrograph of section through the PRC layer in a zebrafish embryo at 72 hpf. 
Mitochondria clusters containing MM (“M”) are observed in cone like PRCs, and mitochondria 
clusters without MM (magenta arrow) are observed in rod like PRCs (magenta arrow head 
pointing to the OS and magenta dashed line outlying the body of the cells). Endoplasmic 
reticulum (“ER”) clusters are detected in the apical region of the IS of rod like PRCs. Nuclei are 
highlighted with “N”. Scale bar: 1 µm. 
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Figure 33 - Ultrastructure of PRCs at 96 hpf. 
Electron micrograph of section through the PRC layer of a zebrafish embryo at 96 hpf. Ventral 
patch shown in A, and central area of the retina shown in B. Endoplasmic reticulum clusters in 
the apical region of rod like PRCs (magenta arrow head pointing for the OS and magenta dashed 
line outlying the cell body of the cell in A) are highlighted with “ER” and nuclei with “N”. Scale 
bar: 1 µm. 
 
 
3.2 Nuclei of different PRCs show different morphologies and 
chromatin organisation since early stages of PRC maturation  
 
Correct positioning of nuclei in zebrafish has been shown to be important for cell 
survival167. Additionally, in mouse, rods were shown to have an inverted arrangement of 
chromatin when compared with cones, which is believed to be important for absorption 
of photons168. In this section I investigate the changes in nuclei position, morphology 
and chromatin arrangement during PRC maturation.  
The nuclei of mature PRCs show differences in location and morphology among 
the different subtypes133. In the first steps of PRC maturation, before 72 hpf, DAPI 
staining shows that all nuclei assume a rectangular shape and are aligned in the PRC 
layer (figure 35A-A’). At 72 hpf, differences in morphology of nuclei start being 
identifiable but no distinct rows can be observed (figure 35B-B’). At 96 hpf, nuclei acquire 
differences in morphology and two distinct rows of nuclei start being distinguishable 
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(figure 35C-C’). By 120 hpf, PRC nuclei are organised into two distinct rows, with 
differences in localisation and morphology associated with the different PRC subtypes 
(figure 35D-D’). Nuclei present on the most basal region of the ONL, with a rounder 
morphology, are characteristic of UVS cone and rod PRCs. The more distal part of the 
ONL shows more elongated nuclei, characteristic of double cones (LWS and MWS) and 
SWS cones133. This indicates that the final organisation of nuclei is established in very 
early stages of development.  
 
 
Figure 34 - Ultrastructure of PRCs at 120 hpf. 
Electron micrograph of section through the PRC layer of a zebrafish embryo at 120 hpf. Ventral 
patch of the retina is shown in A, and central region of the retina shown in B. In A, growing OSs 
in rod like cells are indicated with a magenta arrowhead. Mitochondria clusters present in PRCs 
are indicated by a magenta arrow. At this stage nuclei show differences in chromatin 
arrangement in a more central region of the retina (B). Nuclei showing conventional organisation 
of chromatin are highlighted with “N” and distinct chromatin organisation is highlighted with “N*”. 
Scale bar: 1 µm. 
 
In addition to differences in morphology and localisation two distinct types of 
chromatin organisation can be observed in the developing ONL. Until 96 hpf, all nuclei 
show the conventional arrangement of chromatin (figures 32 and 33) with 
heterochromatin enriched at the nuclear envelope and around the nucleoli, and 
euchromatin distributed in the nuclear interior in between perinuclear and perinucleolar 
heterochromatin compartments. By 120 hpf some cells show a distinct nuclei 
organisation with homogeneous distribution of heterochromatin in the nucleus (N* in 
RESULTS 
 
 
71 
figure 34B). Based on cell length and morphology, cells presenting this distinct 
chromatin organisation are believed to be UWS cones. In addition, PRCs in the ventral 
patch, where most rods localise too, do not show obvious differences in chromatin 
organisation (conventional one), indicating that the differences observed are among 
different types of cone PRCs (figure 34A). 
 
 
Figure 35 - Nuclei in PRCs during maturation process.  
Retinal sections of zebrafish embryos at 63 hpf (A-A’), 72 hpf (B-B’), 96 hpf (C-C’) and 120 hpf 
(D-D’). Endogenous fluorescence of Tg(rasGFP) is depicted in green and DAPI staining in 
magenta. Dashed lines mark the level of the OLM. In C-D’, white arrowheads indicate the distinct 
rows within the ONL. Scale bars: 5 µm. 
 
 
3.3 PRCs show differences in ER organisation during zebrafish retinal 
development 
 
In this section, the dynamics of ER localisation was investigated using EM. 
Previous studies show that the ER of mature PRCs is located in the myoid region of the 
IS193. Interestingly, between 63 and 72 hpf, when the formation of OS occurs, a subset 
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of PRCs present in the ventral region of the retina show large accumulations of rough 
ER in the ellipsoid region (figure 32). This ER accumulation is no longer visible at 120 
hpf (figure 34), and the ER is restricted to the myoid region of the IS. The myoid 
localisation of ER is consistent with observations from other vertebrate PRCs45. This ER 
accumulation is always observed in PRCs with an OS width of at least 2.5μm. Previous 
studies of zebrafish PRCs166, and the differences in OS width between rods and cones 
measured in the previous section, indicates that this ER accumulation occurs in rod 
PRCs. 
 
4. Distribution of polarity protein complexes changes during PRC 
maturation process 
 
Photoreceptor cells are highly polarised cells and the establishment and 
maintenance of this apical-basal polarity is essential for their function. Proteins 
belonging to the apical polarity complexes, Par3 and Crb, are known to localise to the 
SAR of mature PRCs6,121. In this section I investigate the localisation of these polarity 
complexes in the initial stages of PRC maturation.  
 
4.1 Changes in localisation of Crb during PRC maturation 
 
Crb proteins are known to be important for establishment and maintenance of 
polarity158. Of the five Crb species existing in zebrafish, Crb2a and Crb2b are reported 
to be expressed in PRCs6. Previous studies showed that Crb2a is localised to the apical 
membrane of PRC progenitors during the early stages of retinal development, when the 
retina is still a pseudostratified neuroepithelium (prior 48 hpf)131. At 72 hpf, Crb2a and 
Crb2b are reported to be localised in the SAR of PRCs158. To investigate the onset of 
Crb expression and dynamics from the precursor stage to 72 hpf, I stained retinal 
sections (Tg(rasGFP)) from 51 hpf to 120 hpf with antibodies against Crb2a and Crb2b  
In the PRC precursor, Crb2a is localised on the most apical membrane of the cell 
(figure 36A-A’). With emergence of the IS, Crb2a is exclusively restricted to the lateral 
membrane of the IS and no longer present at the most apical membrane. Since Crb2a 
in the adult PRC labels the SAR of the IS I used Crb2a localisation to define the 
emergence of the SAR in the developing IS. (figure 36B-B’). From 72 hpf onwards Crb2a 
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continues being restricted to the SAR of the PRC IS (figure 36C-D’), but the SAR no 
longer occupies the whole lateral membrane of the IS.  
 
 
Figure 36 - Crb2a localisation during PRC maturation process. 
Retinal sections of zebrafish embryos at 51 hpf (A-A’), 55 hpf (B-B’), 63 hpf (C-C’) and 72 hpf 
(D-D’). Endogenous fluorescence of Tg(rasGFP) is depicted in green and Crb2a staining in 
magenta (white arrowheads). Dashed lines mark the level of the OLM. Scale bars: 5 µm. 
 
Crb2b was identified in retinal sections by the use an antibody that recognises both 
Crb2b isoforms (Crb2b-lf and Crb2b-sf). Unlike Crb2a, Crb2b was not detected upon 
emergence of the IS at 55 hpf (figure 37A-A’). Instead, Crb2b was first detected in the 
SAR of PRCs upon appearance of the OS at 63 hpf (figure 37B-B’). Crb2b remains 
localised to the SAR throughout PRC maturation (figure 37B-C’). 
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Figure 37 - Crb2b localisation during PRC maturation. 
Retinal sections of zebrafish embryos at 59 hpf (A-A’), 63 hpf (B-B’) and 120 hpf (C-C’). 
Endogenous fluorescence of Tg(rasGFP) is depicted in green and Crb2b staining in magenta 
(white arrowheads). Dashed lines mark the level of the OLM. Scale bars: 5 µm. 
 
 
 
4.2 aPKC becomes restricted to the SAR during PRC maturation 
 
aPKC is a member of the Par complex which has been shown to be important for 
correct formation of the apical side in zebrafish PRCs121. In zebrafish, aPKC is reported 
to be localised to the SAR of PRCs from 72 hpf onwards121. In order to characterise 
aPKC localisation prior to 72 hpf I stained retinal section (Tg(rasGFP)) with an antibody 
that recognises aPKC proteins of both aPKC genes.  
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At 51 hpf, aPKC, just like Crb2a, is localised to the most apical membrane of PRC 
precursors (figure 38A-A’). With the formation of the IS at 59 hpf, in contrast to Crb2a, 
aPKC is localised to the whole apical membrane of PRCs (figure 38B-C’). Upon the 
appearance of OS membrane discs at 63 hpf, aPKC was observed to be enriched in the 
SAR, finally becoming restricted to this location at 72 hpf (figure 38D-D’).  
 
 
Figure 38 - aPKC localisation during PRC maturation process. 
Retinal sections of zebrafish embryos at 51 hpf (A-A’), 59 hpf (B-B’), 63 hpf (C-C’) and 72 hpf 
(D-D’). Endogenous fluorescence of Tg(rasGFP) is depicted in green and aPKC staining in 
magenta (white arrowheads). Dashed lines mark the level of the OLM. Scale bars: 5 µm. 
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Part II - Analysis of molecular players with possible 
function in PRC maturation  
 
In this section, I aimed to investigate the possible function of candidate genes in 
the PRC maturation process. Two genes were chosen, crb2b and kif25. crb2b was 
chosen using a candidate-based approach while kif25 was chosen with a more unbiased 
approach.  
 
1. Loss of Crb2b in PRC maturation process 
1.1 Generation and identification of crb2b mutants 
 
Crb2b expression begins with the formation of OSs during PRC maturation. 
Previous studies showed the existence of two Crb2b isoforms, which differ in the 
extracellular region. Crb2b-sf has a shorter extracellular region while Crb2b-lf has a 
larger extracellular region6. The knockdown of both Crb2b isoforms simultaneously with 
morpholinos was shown to lead to smaller ISs in zebrafish6,158. In this section I aim to 
understand the function of Crb2b isoforms in PRC maturation through characterisation 
and analysis of two crb2b mutants: a crb2b mutant affecting both crb2b isoforms 
generated by me using the CRISPR-Cas9 system194 (crb2bCR14), and a mutant affecting 
only crb2b-lf (crb2be40), previously generated by TILLING195 (Dr. Marta Luz and Dr. 
Sylke Winkler, unpublished). 
 
1.1.1 Successful generation of Crb2b CRISPR mutant 
 
In order to better understand the function of the crb2b gene during PRC maturation, 
I set out to mutate a region common to both crb2b isoforms. For this, I generated a 
CRISPR mutant with a deletion of 7 nucleotides in exon 14, which is expected to lead 
to a frame-shift, resulting in the creation of a premature STOP codon, as shown in figure 
39. 
Preliminary data on F2 indicates that crb2b CRISPR mutants (referred to as 
crb2bCR14) are homozygous viable and don’t show any obvious external defects in the 
adult eye (figure 40). Outcrosses of the crb2bCR14 ensures that off-target mutations are 
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removed. Additional analysis on PRC maturation process of the crb2bCR14  will be done 
in the coming year, using F3 homozygous mutants that are currently being raised.  
 
 
Figure 39 - Sequence of crb2bCR14. 
In A, schematic illustration of both Crb2b isoforms, Crb2b-lf and Crb2b-sf. B represents the 
deletion of 7 bp found in exon 14 of crb2bCR14 and the WT sequence. C represents the aa 
sequence of WT and crb2bCR14.  
 
 
 
Figure 40 - Adult crb2bCR14 are homozygous viable.  
Bright-field picture of crb2bCR14(B) and WT sibling (A) at 5 months. Scale bars: 1 mm. 
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1.1.2 Identification of Crb2b-lf tilling mutant 
 
During a TILLING screen195 performed by Dr.Sylke Winkler at the Max Planck 
Institute of Molecular Cell Biology and Genetics, a homozygous viable mutant for Crb2b-
lf was identified (crb2be40), and initial characterisation was conducted by Dr.Marta Luz 
(unpublished). This mutant was found to carry a point mutation of the nucleotide in 
position 209 of the open reading frame (sequence obtained from Ensemble), with 
thymine replaced by arginine. This results in a premature STOP codon at the N-terminus 
of the extracellular domain (figure 41). Due to the location of the mutation only crb2b-lf 
is affected, as exon 1 is not spliced into crb2b-sf. 
 
 
Figure 41 - Sequence of crb2be40. 
In A, schematic illustration of Crb2b-lf showing the location of the mutation demonstrated in B. 
In C, schematic representation of aa sequence of WT and crb2be40. 
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1.2 Loss of Crb2b-lf does not lead to obvious defects in PRC 
maturation  
 
In order to confirm the knockdown of the Crb2b-lf in crb2be40, an antibody against 
Crb2b-lf was generated and the specificity confirmed by Western Blot and 
immunohistochemistry (figures 52 and 53 in Appendix section). All antibody stainings in 
this section comparing crb2be40 to WT were conducted in the Tg(rasGFP) background. 
This allows the visualisation of all different PRC compartments and better understanding 
of protein localisation within the PRC layer. Staining of crb2be40 retinal sections with 
Crb2b-lf antibody confirms the knockdown of the Crb2b-lf protein (figure 42E-F’). 
During development, no obvious external defect was detected in the larvae (figure 
42A-B). Loss of Crb2a in zebrafish leads to loss of retinal lamination158. To check the 
establishment of the different retinal layers in this mutant, WT and crb2be40 larvae at 120 
hpf were sectioned and stained with Toluidine Blue. crb2be40 retinas did not show any 
apparent defect in retinal lamination, and at the formation of the lens and RPE (figure 
42C-D). 
As crb2b is only expressed in cone PRCs, I wanted to investigate if both rods and 
cones were present in the crb2be40. The presence of both rods and cones in the PRC 
layer of the crb2be40 mutant was confirmed by the use of two independent transgenic 
lines that label the cytosol of all cones (Tg(3.2TaCP-EGFP)196) and rods 
(Tg(−3.7rho:EGFP)kj2197). Both transgenic lines were crossed with crb2be40 and then 
incrossed to obtain Crb2b-lf homozygous mutants expressing the respective 
transgenes. Endogenous fluorescence of the transgene was observed in retinal 
sections, confirming the presence of both rods and cones in the PRC layer (figure 42G-
H’). Nevertheless, no conclusions can be drawn about defects in specific cone subtypes 
as this transgenic line does not differentiate between them. 
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Figure 42 - Loss of Crb2b-lf does not lead to obvious defects in retinal lamination.  
Comparison between WT (A) and crb2be40 (B) zebrafish larvae at 120 hpf. Retinal sections 
stained with toluidine blue showing all the different layers in the retina of WT (C) and crb2be40 
(D) embryos at 72 hpf. Black arrow indicates the optic nerve and different nuclear layers of the 
retina are highlighted by the use of “GCL” for the ganglion cell layer, “INL” for the inner nuclear 
layer and “ONL” for the outer nuclear layer. E-F’ show confocal imaging of retinal section of 
zebrafish embryos at 72 hpf stained with an antibody against Crb2b-lf. Crb2b-lf is detected in 
Tg(rasGFP) embryos (E-E’), but not in the crb2b-lf--/- mutant (crb2be40/Tg(rasGFP) line). In G-H’, 
presence of cones and rods is confirmed by the use of Tg(3.2TaCP-EGFP) (referred as “Cones”) 
and Tg(−3.7rho:EGFP)kj2 (referred as “Rods”) transgenic lines. Cones are detected both in 
Tg(3.2TaCP-EGFP) (G) and crb2be40/Tg(3.2TaCP-EGFP) (H). Rods are detected in both 
Tg(−3.7rho:EGFP)kj2 and crb2be40/Tg(−3.7rho:EGFP)kj2. Scale bars: A-B: 1 mm, C-D: 100 µm, 
E-H’: 5 µm.  
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Figure 43 - Polarity is preserved in the crb2be40.  
Confocal images of retinal sections of control Tg(rasGFP) and crb2be40 in the Tg(rasGFP) 
background stained with different antibodies. Proper localisation of junctions can be seen by the 
use of ZO-1 antibody at 120 hpf (arrowhead in A-B). Phalloidin staining at the OLM is also 
preserved in crb2be40/Tg(rasGFP) (B’). With control Tg(rasGFP) showed in A’. Expression of 
Crb2a in WT and crb2be40/Tg(rasGFP) mutants is preserved in the most apical membrane of 
PRC precursors at 51 hpf (D) and at PRCs SAR at 120 hpf (C-D’). Expression of aPKC in WT 
and crb2be40/Tg(rasGFP) is also preserved in the most apical membrane of PRC precursors at 
51 hpf and in PRCs SAR at 120 hpf (E-F’). Dashed lines mark the level of the OLM. Scale bars: 
5 µm.  
 
Previous studies have shown that conditional loss of members of both apical 
polarity complexes (Crb and Par complexes) can lead to defects in formation of the PRC 
apical compartment121. In order to understand if PRC polarity has been affected in 
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crb2be40, I first stained for AJs, particularly for ZO-1, in both WT and mutant retinas. 
Moreover, I used phalloidin to stain the actin belt that co-localises with AJs and 
furthermore marks the lateral membrane of PRC ISs (figure 43A-B’). No polarity defects 
in the OLM were detected in crb2be40, suggesting correct formation of junctions and 
actin distribution in the absence of Crb2b-lf. To check the localisation of Par and Crb 
protein complexes in crb2be40, I stained both crb2be40 (crb2be40/Tg(rasGFP)) and WT 
(Tg(rasGFP)) tissue with antibodies against Crb2a and aPKC. In both cases, Crb2a and 
aPKC were correctly localised to the most apical membrane of the PRC precursors, and 
restricted to the SAR by 120 hpf (figure 43C-F’). It can be concluded that loss of Crb2b-
lf has no obvious effect on the localisation of the apical polarity complexes. 
To further confirm that PRCs polarise correctly when Crb2b-lf is lost, I investigated 
the location of mitochondria in crb2be40. As it is known, mitochondrial distribution 
changes during PRC maturation process (figures 29 to 32). At 120 hpf, EM analysis of 
crb2be40 showed no defects in the formation of the two different regions of PRC IS, 
ellipsoid and myoid, and no defect in mitochondrial localisation to the ellipsoid region 
(figure 44E-F). 
Correct polarisation of the PRCs is also essential for cilium formation, as it has 
been shown that Crb2b plays a role in kidney ciliogenesis160. In order to investigate if 
loss of Crb2b-lf leads to defects in cilium ultrastructure, I observed PRCs at 120 hpf by 
EM (figure 44B, D-F). In crb2be40, the basal body, the transition zone and the axoneme, 
with its 9 doublets of microtubules, do not show any obvious defects at 120 hpf (figure 
44B and D). The typical growth of the axoneme along the OS can also be observed in 
mutants stained with Ac-tubulin at 120 hpf (figure 44A and C). In conclusion, no obvious 
defects can be observed in PRC maturation in the absence of Crb2b-lf. 
Loss of members of the Crb complex were previously reported to affect growth of 
the apical side of PRCs158,161. In zebrafish, knockdown of crb2b by the use of 
morpholinos, was reported to lead to shortening of the IS158.In crb2be40, the WT 
morphology was observed with the endogenous fluorescence of Tg(rasGFP). This 
implies that PRC membranes in crb2be40 are correctly compartmentalised. To better 
understand if loss of Crb2b-lf leads to defects in the growth rate of the PRC apical side 
I measured cell body, IS and OS lengths in PRCs at 51 hpf (PRC precursors) and at 63 
hpf. 63 hpf was chosen because at this time-point Crb2b is known to be localised to the 
SAR of PRCs and no difference between PRC subtypes is yet observed. All 
measurements were done in accordance with the methods described in figure 15. When 
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comparing growth rate of PRC cell body in WT (Tg(rasGFP)) and crb2be40/Tg(rasGFP) 
no significant differences were observed. Likewise, no significant difference was 
observed in OS and IS length at 63 hpf. This suggests that loss of Crb2b-lf does not 
affect the growth of the apical side of PRCs.  
 
 
Figure 44 - Loss of Crb2b-lf does not lead to changes in ciliogenesis.  
Axoneme growth is detected in retinal sections of both Tg(rasGFP) (A) and crb2be40/Tg(rasGFP) 
(C) at 120 hpf, by the use of Ac-tub antibody (white arrowheads). Preservation of the nine 
doublets characteristic of primary cilium axoneme are preserved in crb2be40 (arrowhead in D) 
when compared to the WT situation (arrowhead in B). Preservation of the overall structure of 
cilium in crb2be40 is observed in F and WT control in E. Mitochondria clusters present in both WT 
and crb2be40 is highlighted by the use of “M”, disc membranes of the OS are marked with a white 
arrowhead and basal body of the cell with red arrowhead.  Scale bars: A, C: 5 µm; B, D: 0.1 µm; 
E,F: 1 µm. 
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Figure 45 -  Loss of Crb2b-lf does not lead to defects in PRCs growth.  
In A is shown a quantification of PRCs cell body length (µm) in both WT (Tg(rasGFP)) and 
crb2be40 (crb2be40/Tg(rasGFP)). Cell body length was measured from the mid- point of the basal 
side of the cell to the mid-point of the apical membrane of the cell body. Cell body was measured 
in both PRC precursors (51 hpf) and in PRCs present on the ventral side of the optic nerve of 
embryos with 63 hpf. In B is shown a quantification of PRC ISs and OSs length (µm) in both WT 
(Tg(rasGFP)) and crb2be40 (crb2be40/Tg(rasGFP)). Measurements were done in accordance to 
what was shown in figure 15. OS height was calculated by measuring the distance from the mid-
point at the base of the OS until the tip of the OS. IS was measured from the mid-point at the 
OLM level to the mid- point at the base of the OS. At 63 hpf, only cells with an OS were counted. 
All measurements are represented in box plots with calculated minimum, 25th percentile, mean, 
75th percentile and maximum. X- axis shows age of the embryos in hpf and y-axis shows the 
length measured in µm. For all time-points and different transgenic lines at least 20 cells from 3 
independent retinas were measured. Statistical significance was calculated by a one-way 
ANOVA followed by Tukey's multiple comparison test. n.s.= not statistically different. 
 
Previous data showed that the intracellular domain of Crb2b can rescue retinal 
lamination after loss of Crb2a in the zebrafish retina158. This suggests a certain 
redundancy in Crb2a and Crb2b functions.  To test if crb2a is upregulated upon loss of 
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crb2b, I quantified crb2a mRNA expression in WT and crb2be40 embryo heads at 120 
hpf (figure 46) by qPCR. Gene expression of crb2a mRNA in both WT and crb2be40 in 
embryo heads did not show a significant difference at this stage. This suggests that the 
absence of Crb2b-lf is not being compensated by crb2a overexpression. 
 
 
Figure 46 -  Loss of Crb2b-lf does not lead to overexpression of crb2a in heads of 
zebrafish larva at 120 hpf.  
Expression of crb2a mRNA in both WT and crb2be40 embryo heads at 120 hpf. For both WT and 
crb2be40 3 independent samples were used. Each sample consists of a pool of 25 embryo heads 
and is represented in the graph by a black dot. Results are represented in box plots with 
calculated minimum, mean and maximum. Y-axis shows ∆Ct values for each sample. ∆Ct values 
were obtained by normalising Ct value of crb2a to the housekeeping gene rpl13a. Statistical 
significance was calculated by a one-way ANOVA. n.s.= not statistically different. 
 
 
Loss of CRB2 in mouse retina leads to a progressive disorganisation of PRCs in 
the retina156. Microarray analysis of a CRB2 conditional mutant showed no significant 
difference in gene expression compared to a WT control157. Preliminary data on crb2be40 
suggested an increase on the apical side of PRCs during the maturation process. Taking 
into account the published studies in mouse and the preliminary data obtained for 
Crb2b-lf I aimed to investigate whether loss of Crb2b-lf would lead to molecular changes 
in the zebrafish retina. For this I performed a deep sequencing analysis (RNA-seq) in 
WT and crb2be40 retinas at 72 hpf. 
From the deep sequencing data, 1795 genes were identified to be differentially 
expressed with a q-value (FDR) threshold of 0.05. 1212 were up-regulated and 583 
downregulated, and none of these genes belonged to polarity complexes in the cell. To 
identify potential candidates that could be associated with Crb2b or the Crb pathway, 
differentially expressed genes were grouped based on their biological process and 
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molecular function (figures 54 and 55 in Appendix section). In addition, all differentially 
expressed genes predicted to possess a FERM and/or PDZ domain were selected. 14 
genes containing a PDZ domain were differentially expressed (table 9 in Appendix) but 
no differentially expressed gene contained a FERM domain. Upon confirmation that no 
obvious defect was detected in PRC maturation crb2be40 these candidates were not 
followed up. Instead, the sequencing data from WT samples was used to screen for 
possible candidates with a function in PRC maturation. From this, kif25 was later 
selected (present in Results Part II, section 2). 
 
 
1.4 Loss in Crb2b-lf leads to degenerative defects in zebrafish adult eye 
 
In humans, loss of CRB1 leads to degenerative retinal diseases such as Retinitis 
pigmentosa151. In Drosophila, Crb protects against light degeneration198. Although loss 
of Crb2b-lf does not lead to any obvious defects in PRC maturation or eye development, 
the role of Crb in other organisms suggests a possible function of Crb2b-lf in maintaining 
the adult retina. To address this I stained retinal sections of adult zebrafish with Crb2a 
antibody and phalloidin. These markers allowed visualisation of the OLM and SAR of 
PRCs. crb2be40 showed no obvious defects in the localisation of Crb2a to the SAR or 
actin in PRCs (figure 47A-B’’’). Additionally, DAPI staining showed no obvious 
differences in nuclei position or morphology between WT and crb2be40. This suggests 
that loss of Crb2b-lf in zebrafish does not lead to defects in apical-basal polarity of the 
mature PRCs.  
In the adult zebrafish retina, PRCs are strictly organised in a mosaic pattern. Crb2b 
is known to be restricted to the connections between LWS, SWS and MWS cones and 
has been suggested to have a function in the maintenance of this mosaic6. In order to 
understand if Crb2b could have a role in maintaining the cone mosaic pattern, whole 
mount retinas were stained with Zpr-1 antibody (marking the cell body of double cones, 
LWS and MWS) and phalloidin. Both WT and crb2be40 showed the correct cone PRCs 
mosaic pattern, suggesting that loss of Crb2b-lf does not lead to defects in patterning of 
the retina (figure 47C-D).  
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Figure 47 - Loss of Crb2b-lf in adult zebrafish at 5 months does not lead to obvious 
defects in maintenance of polarity.  
Proper formation of junctions and Crb2a localisation is confirmed by confocal microscopy of 
adult retinal sections of WT (A-A’’’) and crb2be40 (B-B’’’) stained with DAPI (A, B), Crb2a (A’, B’) 
and phalloidin (A’’, B’’). Merge of all different markers is visible in A’’’ and B’’’. In C and D are 
confocal images of optical sections of the PRC IS level of whole mounts adult retinas of WT (C) 
and crb2be40 (D) at 5 months old. In green is the cell body of double cones (LWS and MWS), in 
magenta phalloidin staining marks the OLM level and in red (arrowhead in C) is Crb2b-lf staining. 
Crb2b-lf staining (red) is visible in D, and it is absence in crb2be40. Scale bars: 5 µm 
 
Although no obvious defects were detected in the zebrafish eye of crb2be40 at 5 
months of age, adults older than 2.5 years did show abnormal eyes (figure 48). In a total 
of 87 crb2be40 adults, 34% presented defects in the anterior segment of the eye. This 
phenotype presents a spectrum of abnormalities. These abnormalities include 
hyperpigmentation and what appears to be a smaller cornea. In more extreme cases, 
the size of the whole eye is decreased and the lens is lost (2 of the 5 eyes dissected) or 
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an eye can no longer be identified (4 of 87 cases). This phenotype was never detected 
in WT adults suggesting that it is due to the loss of Crb2b-lf. This indicates that Crb2b-
lf might play a role in maintenance of the adult eye.  
 
 
Figure 48 - Adult eye phenotype in crb2be40.  
Bright-field images of adult zebrafish, WT in A and crb2be40 from B to F. In the adult eye the 
cornea is highlighted with the use of “c” and the sclera by the use of “s”. ypf = yars post 
fertilisation. Scale bars: 1 mm. 
 
 
2. Kif25 is enriched in PRCs during the maturation process 
 
A list of gene families that are relevant for PRC maturation and/or primary cilia 
formation was generated using a literature search. This list was matched against a 
retinal RNA expression data at 72 hpf obtained through a RNA-seq (deep sequencing) 
experiment (section 1, Part II of results). One of the families short-listed based on the 
above criteria was the kinesin family. Kinesins are motor proteins known to have 
important functions in PRC cilia and mitotic spindle formation199. Within the kinesin 
family, kif25 in particular was of interest due to its high expression level and novelty in 
the field. 
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In zebrafish, only one kif25 gene exists. Kif25 belongs to kinesin family 14 and 
recent studies showed that it is a tetrameric motor protein important for spindle formation 
in MDCK cells200. However, nothing is known about kif25 function in zebrafish or any 
other model organism. 
 
 
Figure 49 - kif25 transcripts are enriched in PRCs during retinal development.  
kif25 mRNA is first detected by whole-mount in situ hybridisation in the ventral patch of the retina 
at about 48 hpf (arrowhead in B). Expression of kif25 is detected in the PRC by whole-mount in 
situ hybridisation at 72 hpf (ventral view in C and lateral view in C’), 96 hpf (lateral view in D) 
and 120 hpf (lateral view in E). Retinal section of whole-mount in situ hybridisation against ki25 
in embryo with 72 hpf shows enrichment of kif25 mRNA in the PRC layer (C’’). Sense probe 
used as control in zebrafish embryos with 72 hpf is visible in A-A’ (lateral and ventral view 
respectively). Scale bar: 1mm 
 
The deep sequencing analysis shows that kif25 is highly expressed in the zebrafish 
retina at 72 hpf. To understand where exactly in the retina kif25 is expressed I performed 
in situ hybridisation in whole zebrafish embryos at 48 hpf, 72 hpf, 96 hpf and 120 hpf, 
using two independent probes. kif25 mRNA was first detected in the ventral patch of the 
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retina at about 48 hpf, when and where differentiation of different retinal neurons begins 
(figure 49B). At about 72 hpf, kif25 mRNA is enriched in PRCs, where it can still be 
detected at 120 hpf (figure 49). This suggests that kif25 is expressed specifically in 
PRCs during maturation, indicating a possible function in this process.  
A more quantitative analysis of kif25 mRNA expression was obtained with qPCR 
in zebrafish embryos at 48 hpf, 72 hpf, 96 hpf and 120 hpf. Taking into account the in 
situ hybridisation data, the expression levels detected are mostly due to the kif25 
present in the zebrafish retina, as no expression was detected elsewhere in the embryo.  
Expression levels in these samples were compared to embryos at 24 hpf, a time-point 
when no kif25 expression could be detected by in situ hybridisation. Two independent 
pairs of primers against kif25 were used, and consistent results were obtained. In figure 
50, only the results of primer pair 1 are presented. A peak of kif25 expression is 
observed at 72 hpf, during the initial stages of PRC maturation. At 96 hpf, a decrease in 
kif25 expression was observed. Despite this decrease, kif25 was still highly expressed 
when compared with expression levels at 48 hpf. From 96 hpf onwards no obvious 
difference was observed. This shows that kif25 is enriched in PRCs, with a peak of 
expression during the initial stages of PRC maturation. These results further suggest a 
possible function of kif25 in PRC maturation. 
 
 
 
Figure 50 - kif25 shows peak of mRNA expression in embryos at 72 hpf.  
Quantification of kif25 mRNA expression in zebrafish embryos with 48 hpf, 72 hpf, 96 hpf and 
120 hpf by qPRC. X- axis shows the age of the embryos and y-axis shows the foldchange 
obtained for each time point compared to 24 hpf. Foldchange calculations are described in 
materials and methods section. Results are expressed as means + standard deviation. 
  
DISCUSSION 
 
 
91 
DISCUSSION 
 
 
In this study, I aimed to i) characterise the distinct maturation stages of PRC 
subtypes, and ii) identify the components of the molecular circuitry controlling PRC 
maturation.  
The data presented in this thesis indicates that the initial steps of PRC maturation 
process can be divided into 6 distinct stages: PRC precursor, maturation stage (MS) 1, 
MS2, MS3, MS4 and MS5. The features of these different stages will be discussed in 
this section. This knowledge acquired on PRC maturation was used to investigate the 
role of candidate proteins, namely Crb2b and Kif25, in PRC maturation process. In this 
section, I will discuss the results obtained in the course of my PhD, and suggest potential 
future directions for pursuing the remaining open questions.  
 
 
1. Identification and characterisation of the different 
stages of PRC maturation 
 
In this section I will define the initial stages of PRC development (from 51 hpf to 
120 hpf) based on a number of parameters, including growth rate and morphology of 
the different cell compartments, organelle organisation and localisation of polarity 
associated proteins. The first 3 stages of PRC maturation (PRC precursor, MS1 and 
MS2) were categorised based on cell morphology. All of these stages can be 
distinguished from one another on the basis of their morphology, independent of the age 
of the embryo and their location within the retina. This is very important because the 
zebrafish retina develops in a wave-like manner178, and different regions of the retina 
contain PRCs at different maturation stages. In addition, most zebrafish mutant lines 
exhibit delayed and/or defective development, which complicates proper staging. Thus, 
embryonic age is not a reliable characteristic. The PRC precursor stage is characterised 
by cells with a columnar morphology and the absence of an obvious subdivision of the 
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apical domain. MS1 begins with the growth of the apical domain and the appearance of 
the sub apical region (SAR) defined by the presence of Crb2a. This stage is manly 
characterised by the growth of the presumptive inner segment (IS). MS2 is characterised 
by the initial growth of the outer segment (OS). In these initial 3 stages (PRC precursor, 
MS1 and MS2) no morphological differences are observed among different subtypes of 
PRCs. 
Later stages (MS3, MS4 and MS5; corresponding to 3 dpf, 4 dpf and 5 dpf) were 
defined using a combination of traits. These stages are of particular interest because 
they have been widely investigated in studies of zebrafish retinal development. I 
established MS3, MS4 and MS5 as independent maturation stages based on a 
combination of morphological and cellular traits (e.g. growth rates of different cell 
compartments, morphological differences among different subtypes of PRCs, and 
distribution of cell organelles). The combination of this different traits, as described in 
table 2, allows the identification of MS3, MS4 and MS5 irrespective of the age of the 
zebrafish embryo. 
A schematic illustration of the different PRC maturation stages studied in this 
dissertation are shown in Figure 51. This schematic depicts the size and morphology of 
the cells drawn to scale, with the exception of the synapses. The synapses of individual 
cells could not be resolved with the tools used for this dissertation, therefore an entirely 
accurate illustration was not possible. In this illustration (figure 51), only the PRC 
subtypes described in this dissertation are included (rods, LWS, SWS and UVS cones). 
Moreover, a summary table of all maturation stages and their specific traits can be found 
in table 2. 
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Figure 51 – Initial PRC maturation stages of development. 
Different stages of PRC maturation process during zebrafish retinal development. OS of the 
different PRC subtypes are highlighted in yellow (UVS cones), magenta (rods), blue (SWS 
cones) and red (LWS cones). Cell body, IS and OS height and OS width are drawn to scale. 
Nuclei are represented in grey (euchromatin represented in light grey and heterochromatin 
represented in dark grey). Mitochondria and ER (in the IS of rods in MS3 and MS4) are shown 
in the IS of PRCs.  OLM is marked by a green dash line.   
 
 
 
Table 2 – Summary of the different features associated with the different PRC 
maturation stages. 
Feature 
Stage of development 
PRC 
Precursors 
MS1 MS2 MS3 MS4 MS5 
Growth of PRC compartments 
Cell body (average height-µm2)* 
Tg(rasGFP) 9.7 12.7 13.8 14.5 13.6 13.1 
UVS - - - 14.4 12.5 10.8 
SWS - - - 15.3 16.6 17.2 
LWS - - - 15.0 16.4 18.2 
Rod - - - 15.1 17.2 18.8 
lateral domain (average height-µm2)* 
Tg(rasGFP)  10.7 12.1 10.3 8.2 9.1 
Inner segment (average height-µm2)* 
Tg(rasGFP) - 1.7 1.9 3.3 4.4 4.8 
UVS - - - 3.1 3.8 2.7 
SWS - - - 2.9 5. 8.1 
LWS - - - 3.5 5.6 8.2 
Rod - - - 3.1 6.3 8.9 
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Outer segment (average height-µm2)* 
Tg(rasGFP) - - 0.6 3.8 7.9 10.2 
LWS - - - 2.8 2.5 4.0 
SWS - - - 2.6 6.0 7.4 
Rod - - - 3.3 7.4 8.4 
UVS - - - 5.3 8.8 12.7 
Outer segment (average width-µm2)* 
LWS - - - 1.2 1.3 1.2 
SWS - - - 1.3 1.5 2.0 
UVS - - - 1.3 1.8 2.3 
Rod - - - 2.1 2.4 2.9 
Outer segment (average volume-µm3)* 
LWS - - - 1.9 4.1 5.8 
Cell organelles 
Cilium 
Docked on 
the apical 
membrane 
Axoneme 
increase 
(vesicles in 
axoneme) 
First 
membrane 
discs 
Growth of the OS 
Mitochondria position 
Disperse in 
the 
cytoplasm 
Disperse on 
the apical 
domain 
Ellipsoid 
detected in 
some 
PRCs 
Align in 1 
row 
(elipsoid) 
Align in 2 
adjacent rows 
(elipsoid) 
Align in 3 
rows 
(elipsoid) 
Megamitochondria  - Only in cone like PRCs 
Mitochondrial 
Clusters 
- - 
In some 
PRCs 
In all cells 
Rough ER clusters - - - Only in rod like PRCs - 
Nuclei position in 
ONL 
Align in one row 
(rectangular) 
Initial 
changes in 
positioning 
Obvious separation into 2 
rows 
Chromatin 
organisation 
Conventional Chromatin 
Inverted 
Chromatin in 
UVS like 
cones 
Polarity Proteins 
aPKC Apical membrane Sub apical region (SAR) 
Crb2a 
Apical 
membrane 
Sub apical region (SAR) 
Crb2b - - -Sub apical region (SAR) 
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How to identify 
the stage of PRC 
maturation? 
Columnar 
cells with 
no 
subdivion 
of the 
apical 
domain. 
Appearance 
of SAR. 
Emergence 
of OS 
membrane 
discs. 
PRCs 
subtypes 
start 
showing 
differences 
(not 
obvious); 
 
OS width 
cones vs 
rods; 
 
Small 
changes in 
nuclei 
position 
within ONL. 
Decrease of 
lateral side; 
 
Growth of IS 
and OS in 
PRCs 
subtypes; 
 
2 rows of 
mitochondrial 
clusters; 
 
2 rows of 
nuclei. 
Growth of IS 
and OS in 
PRCs 
subtypes; 
 
3 rows of 
mitochondrial 
clusters; 
 
Inverted 
chromatin in 
UVS like 
cones. 
*Variability in the measurements obtained can be visualised in figures 15, 17, 18 and 19. 
 
 
 
1.1 PRC precursors 
 
PRC precursors are characterised by their columnar morphology and no 
subdivision of the apical membrane.  
 
Cell morphology – PRC precursors are columnar cells that arise when the 
formation of the outer nuclear layer (ONL). At this stage, no individual compartments 
can be observed in the cells. It has been reported that PRC precursors present in the 
retina can divide symmetrically to generate two PRCs10. However, it is not clear whether 
all columnar cells in the PRC layer indeed divide. When analysing fixed samples, it is 
not possible to distinguish cells that have already divided from those that are yet to 
divide. Thus, in my thesis work I defined PRCs precursors based on their morphology 
independent of their cell cycle phase.  
 
Organelles - The distribution of organelles in developing and mature PRCs has 
been previously reported165,167. However, nothing is known about organelle distribution 
at the PRC precursor stage. In the ONL, all nuclei show similar position, morphology 
and chromatin organisation, with nuclei positioned centrally within the cells. 
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Furthermore, other cell organelles, in particular mitochondria, are not exclusively found 
just below the cell membrane, as has been described for mature PRCs165,201. In PRC 
precursors, only small, electron-lucent mitochondria can be found distributed within the 
cytoplasm.  
At the initial stage investigated in this dissertation (51 hpf), the cilium was already 
docked to the apical membrane of PRC precursors. In mouse, ciliogenesis starts 
intracellularly with the appearance of a primary ciliary vesicle at the distal end of the 
mother centriole (intracellular pathway)49,71. In zebrafish, nothing is known about the 
onset of ciliogenesis in PRCs. In order to determine if ciliogenesis in zebrafish starts via 
the intracellular and/or the extracellular pathway, earlier stages of development (48-50 
hpf) would have to be analysed. 
 
Polarity proteins distribution - PRC precursors are polarized cells. At this stage, 
no obvious subdivision of the apical membrane is observed. This is evident by the 
localisation of Crb2a, a protein belonging to a polarity complex, at the entire apical 
membrane. 
 
1.2 Maturation stage 1 
 
MS1 is characterised by the emergence of the growing IS and subdivision of the 
apical membrane with restriction of Crb2a to the lateral membrane of the growing IS, 
defining the sub apical region (SAR). 
 
Cell morphology and compartments formation – MS1 begins when the apical 
surface of a PRC precursor starts growing and a presumptive IS is observed. During 
PRC development, microvilli-like processes are known to emerge from the uppermost 
region of the IS, the calyceal processes51. Calyceal processes are suggested to play a 
role in maintenance of PRC structure.40,47,48 These calyceal processes have been 
reported to appear at around 74 hpf in the zebrafish retina166. However, in the course of 
this study I observed processes emerging from different regions of the growing IS during 
MS1 (before OS appearance). This raises the question, do these processes represent 
an early stage of the calyceal processes, or are they another type of process entirely? 
To address this question, I would first determine if the processes in question are indeed 
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calyceal processes. To do so, I would use a fluorescent membrane marker to image at 
single cell resolution necessary for visualisation of the processes in the highly crowded 
retina. Next, I would perform immunofluorescence on sections of the single cells using 
antibodies that specifically detect proteins present in calyceal processes, such as the 
Usher syndrome proteins (USHs)51. Additionally, live imaging of maturing PRCs with a 
membrane reporter line would allow visualisation of the plasma membrane changes that 
occur over time. This combinatorial approach would likely shed light on the identity of 
these processes and their role in zebrafish PRC maturation. 
 
Cell compartments size - This stage is characterised by rapid growth of the 
presumptive IS, which reaches an average length of 2.7µm. The lateral domain of MS1 
PRCs does not show any significant differences in length when compared with PRC 
precursors. This suggests that the cell body growth observed in this stage of 
development is mainly due to the growth of the apical domain of the cell. 
 
Organelles - During MS1, mitochondria and Golgi are localised to the apical side 
of PRC cells. At this stage, some unusually large mitochondria (MM) are present, 
however, no mitochondrial clustering is observed. This indicates that MM emerge before 
the formation of mitochondria clusters. Moreover, nuclei continue to display the 
rectangular shape and perfect alignment within the ONL observed at the PRC precursor 
stage. 
 
Polarity proteins distribution – Along with the formation of the presumptive IS, 
Crb2a localisation is restricted to the lateral membrane of the presumptive IS defining 
the SAR. Because of the presence of the SAR (Crb2a localisation) the nature of the 
presumptive IS is confirmed and will be referred to as IS. When the IS begins to form, 
Crb2a is localised to the lateral membrane of the IS above the junctions defining the 
SAR. Although aPKC is also present at the SAR, it is not a specific marker for the SAR 
because it is localised throughout the whole apical domain of the cell. The change in 
Crab2a localisation from the apical membrane of PRC precursors to the SAR of PRC 
during MS1 is also observed in Drosophila PRCs. In Drosophila, Crb localises to the 
apical membrane of undifferentiated cells and differentiating PRCs, and later in 
development, is restricted to the stalk membrane, which corresponds to the SAR in the 
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vertebrate PRCs202. In Drosophila PRCs, Crb is important for the correct localisation of 
AJs and size of the stalk membrane. Overexpression of Crb leads to mislocalisation of 
AJs and decrease in stalk membrane202. In zebrafish, overexpression of Crb2a was 
shown to increase IS size161. This suggests a conserved function of Crb across species. 
In zebrafish (and vertebrates in general), Crb2a could be also important for maintenance 
of the OLM (AJs). Loss of Crb2a in the retina leads to a severe phenotype with complete 
loss of retinal lamination158. The severity of Crb2a phenotype does not allows to suitably 
investigate the possible function of Crb2a in AJs positioning. Overexpression studies of 
Crb2a done in zebrafish do not show obvious defects in the localisation of Crb2a at the 
SAR. Nevertheless, no detailed analysis on junctional integrity was done161. To test if 
overexpression of Crb2a affects junctional positioning, I will inject a construct with Crb2a 
under the control of the crx promoter (expressed in all PRCs and some bipolar cells of 
the zebrafish retina)203, and use EM and immunohistochemistry (staining for ZO-1 and 
phalloidin) to detect junction localization and integrity. 
 
1.3 Maturation stage 2 
 
MS2 is characterised by the appearance of OS membrane discs. 
 
Cell morphology and compartments formation – In MS2 the only obvious 
morphological change in PRCs is the formation of the OS. At this stage, cells of the PRC 
layer continue being homogeneous, with no obvious difference observed among PRC 
subtypes. In my studies, OSs were first identified at about 63 hpf in the ventral area next 
to the optic nerve. In 1999, Ellen A. Schmitt reported the appearance of OS in PRCs at 
about 55 hpf166. The differences in time can be explained by minor differences in 
zebrafish developmental staging and the retinal developmental wave, which leads to 
PRC with different maturation stage depending on its position within the retina. 
Previous research in mouse suggested that the formation of OS membrane discs 
starts parallel to the axoneme49. My data indicate that in the zebrafish retina, initial 
membrane discs in PRCs are generally positioned perpendicular to the axoneme of the 
cilium, with the exception of one of the cells analysed (out of 300 from 4 independent 
embryos). The apparent discrepancy between the two species can possibly be 
explained in two ways. First, the differences observed between the rod-dominated 
DISCUSSION 
 
 
99 
mouse retina and the cone-dominated zebrafish retina could be explained by differences 
in membrane disc formation between rods and cones. Second, the initial step of 
membrane disc formation could be so rapid that it is rarely captured by EM. To 
distinguish between these two possibilities, an increased sample size (and therefore 
more examples of initials stacks of membrane discs formation) is needed. In addition, 
correlative light and electron microscopy (CLEM) would allow me to visualise individual 
proteins, such as rhodopsin, by immunostaining with EM resolution. This would help to 
distinguish rods and cones during these early stages of development and thereby better 
understand differences/similarities in membrane disc formation between rods and 
cones. 
 
Cell compartments size -  IS length does not significantly differ between late MS1 
and MS2, suggesting that either the growth of the IS markedly decrease, or that it stops 
growing, just before formation of the OS. At the basal side of PRCs a small increase in 
length is observed compared with MS1. 
 
Organelles - Earlier studies have described the presence of MM and 
differentiation of ellipsoid and myoid areas of the IS at the ventral patch at 60 hpf (when 
the OS could already be detected) 46. These reports are in accordance with my 
observations. The first mitochondrial clusters can be detected at MS2, allowing for 
distinction of the ellipsoid and myoid regions of PRCs. Further, nuclei remain 
homogeneously rectangular shaped, with conventional chromatin organisation and 
perfect alignment within the PRC layer. 
 
Polarity proteins distribution - An additional Crb protein, Crb2b, starts being 
detected in PRCs at MS2. Interestingly, despite the fact that Crb2a and Crb2b share a 
high degree of homology, they exhibit temporal and spatial differences in their 
expression6,158. Crb2a is already expressed in PRC precursors, and from MS1 onwards 
localises to the SAR of all PRC subtypes and the apical processes of Müller glial cells. 
On the contrary, Crb2b is only expressed from MS2 onwards in LWS, MWS and SWS 
cones. Loss of Crb2a leads to disorganisation of the zebrafish retina, but strikingly this 
phenotype can be rescued by injection of crb2b and crb3a mRNA158. Thus, intracellular 
region of Crb proteins appear to be to some extent redundant. Nevertheless, differences 
in spatial and temporal expression of Crb2b and Crb2a could indicate a specific function 
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for either in the PRC maturation process. To address the possible function of Crb2b in 
PRC maturation I did loss of function studies by the use of crb2b mutant lines. The 
outcome of the loss of function studies is further discussed in section 3 of this 
Discussion. 
 
1.4 Maturation stage 3 
 
MS3 is characterised by growth of the IS and OS of PRCs, the first changes in OS 
size, and rearrangement of nuclei.  
 
Cell morphology and compartments size –  At MS3 no significant differences in 
cell morphology are observed among different subtypes of PRCs. All PRC subtypes 
show an increase in the length of the cell body, IS, and OS. Rod OSs show a higher 
growth in width when compared to cone PRCs. However, no significant difference in OS 
width is detected amongst subtypes of cone PRCs. Changes in OS height are first 
detectable at this stage between UVS cones (highest OS) and the other cone PRCs. 
Independent of the differences observed in PRC OSs, no significant differences are 
observed in cell body and IS length amongst the different subtypes of PRCs. 
 
Organelles - In MS3, some changes in organellar distribution are observed. All 
types of PRCs exhibit clusters of mitochondria, which permits distinction of the ellipsoid 
and myoid regions of the IS in all PRCs. At this stage, mitochondrial clusters are aligned 
in the PRC layer and nuclei begin to lose their perfect alignment within the ONL as well 
as their rectangular shape, becoming more ovoid.  
Furthermore, at MS3 an unusual clustering of rough ER is observed close to the 
cilium in some PRCs. These clusters are only seen in PRCs with a large OS width, 
typical of rod PRCs. Additionally, these clusters are mostly seen at the ventral side of 
the retina, where most rods are known to be localised at this developmental stage166. 
Thus, it is likely that the cluster-containing cells are rods. This result suggests 
differences in ER arrangement between maturing rods and cones. Amongst PRCs, rods 
have the widest and second longest OS, and are therefore probably the PRC type with 
the largest OS overall. The extra clustering of rough ER might be explained by the fact 
that rods need to rapidly produce the large amounts of transmembrane proteins present 
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in the OS. In order to confirm that ER clusters are restricted to rods, a CLEM approach 
involving rhodopsin immunostaining could be taken. Alternatively, one could perform 
immunostaining against an ER marker, such as the KDEL epitope, on retina sections 
from transgenic embryos with fluorescently tagged rods. 
 
Polarity proteins distribution – Localisation of all polarity protein studied, such 
as Crb2a, Crb2b and aPKC, are restricted to the SAR. At this stage, SAR no longer 
occupies the whole lateral membrane of the IS.  
 
1.5 Maturation stage 4 
 
MS4 is characterised by decreased lateral domain length, the appearance of PRCs 
with different cell morphologies, and the formation of two distinct nuclear and 
mitochondria rows. 
 
Cell morphology and compartments size – In this stage, morphology of rods 
and cones appear markedly different. Rod PRCs develop a thinner cell body and a larger 
OS width compared with cone PRCs. These differences start developing at 72 hpf 
(MS3), becoming visible by 96 hpf (MS4).  
One of the most striking features of MS4 is the surprising decrease in length of the 
lateral compartment. This observation could be explained by the folding of the 
membrane on the lateral side during synapse development166.  
In contrast, the overall length of the apical compartment increases due to increases 
in the length of both the IS and OS. The only exception is the UVS cones, which do not 
show a significant difference in IS length. An overall increase in the height of the OS is 
observed over time, and, most importantly, striking differences in OS height amongst 
the different PRC subtypes start to emerge. UVS cones show the highest OS height 
(average of 8.8μm), followed by the rod (7.4 μm), the SWS cone (6.0 μm) and the LWS 
cone (2.5 μm). The only cell type which does not show a statistically significant increase 
in OS height from MS3 to MS4 is the LWS cone. Nevertheless, when analysing OS 
growth in terms of volume, a small increase in OS is detected between MS3 and MS4. 
These differences might be explained by curvature or tilting of the LWS OS, which is 
quite commonly observed, yet is not taken into account when measuring OS height. OS 
DISCUSSION 
 
 
102 
volume would therefore be a more sensitive quantification of OS growth. Despite the 
increase observed in OS height, no significant difference in OS width between MS4 and 
MS3 is observed for any PRC subtype.  
 
Organelles - At MS4 nuclei displays clear differences in morphology and 
positioning. Two different rows of nuclei start to be distinguishable within the ONL, with 
rounder nuclei (associated with UVS cone and rod PRCs) on the proximal side of the 
ONL and more elongated nuclei (associated with SWS and double cones, LWS and 
MWS) towards the distal side of the layer.  In zebrafish, nuclei positioning has been 
shown to be essential for PRC survival95. Syne family proteins were shown to be 
important for positioning of PRC nuclei, possibly functioning as a mechanical link from 
the nucleus to motor complexes, more specifically to the dynein motor95. Upon nuclear 
mispositioning in PRCs, cellular morphology changed95. This suggests that the 
differential localisation of the nucleus in different PRC subtypes might be important for 
achieving the final PRC morphology. 
At this stage, Tg(mito:GFP) labelled mitochondrial clusters showed no significant 
differences in size as compared to MS3. Nevertheless, as the IS of different PRC 
subtypes occupy different positions in the PRC layer, two rows of mitochondrial clusters 
are visible. Localisation of ER shows no changes as compared to MS3 by ultrastructure 
features. 
 
1.6 Maturation stage 5 
 
Maturation stage 5 (MS5) is characterized by striking differences in PRC 
compartment size and morphology between different types of PRCs, and the 
appearance of three independent rows of mitochondrial clusters. 
 
Cell morphology and compartments size – Differences in morphology and size 
of the different compartments among different PRC subtypes became more evident by 
this stage. These differences are depicted in figure 51. In regards to the IS, UVS cones 
clearly show the smallest IS length. In regards to the OS, LWS cones have the smallest 
OS among all PRC subtypes, followed by the SWS cones. UVS cones and rods have 
the largest OSs at this stage. When comparing rod and UVS cone OSs, it can be seen 
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that rods show a greater OS width, but are shorter in height, while UVS cones show a 
greater OS height, but are smaller than rods in terms of OS width.  
In summary, in cones PRCs, for both width and height, LWS cones show the 
shortest length, followed by SWS cones and UVS cones with the heights lengths. This 
indicates that, cones with shorter IS show the largest OS growth. This increase in OS 
growth could be important for the OS to reach the RPE which is essential for PRC 
function and maintenance. 
 
 
Organelles - All differences observed in organellar organisation reflect the 
differential morphology of PRC subtypes. With the different IS growth rates, three rows 
of mitochondrial clusters in the PRCs became clearly separated. These clusters are 
easily visible by the use of Tg(mito:GFP), and can be used as a marker for MS5. As 
expected, EM analysis of PRC mitochondria did not reveal any differential electron 
density in mitochondria of different PRC subtypes. This is only established later in 
development46. 
By MS5, the rough ER clusters visible in rod PRCs at MS3 have disappeared. 
When looking at the growth rate of rod OS, a clear increase of OS length is evident from 
MS3 to MS4, but there is no major increase from MS4 to MS5. I hypothesise that 
between MS4 and MS5 there is a slowing down of OS membrane disc formation and 
transmembrane protein production. This reduced demand for protein production, and 
therefore reduced demand for rough ER, may result in the disappearance of ER clusters, 
characteristic for the early maturation stages of rod like PRCs.  
In mouse, it has been shown that rod nuclei display an inverted chromatin 
organisation168. It has been suggested that this inversion of the nuclear architecture 
reduces light scattering and thereby improves the properties of the retina as an optical 
system168. At 120 hpf, EM analysis of PRC layer showed some nuclei with 
homogenously dispersed heterochromatin comparable to the inverted organisation of 
chromatin observed in mouse rods. These nuclei are only visible in PRCs with short ISs. 
Taking this into account, I believe that the inverted nuclei are only present in UVS cone 
cells. In biological tissues, light scattering depends on the wavelength of the light, the 
higher the wavelength, the greater the degree of light scattering204. Of all the 
wavelengths absorbed by the PRCs in zebrafish, UV light shows the highest degree of 
scattering. My hypothesis is that inversion of the UVS nucleus could help reduce light 
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scattering by acting as a lens that channels light into the UVS OS. To test this further, 
CLEM experiments using an antibody to UV opsin antibody will allow us to identify UVS 
cones with 100% certainty by EM and investigate their nuclear architecture.  
 
1.7 Tools to study PRCs maturation 
 
In this study, I demonstrated the value of the commonly used Tg(rasGFP) line in 
PRC maturation studies and generated a new tool that allows for a better understanding 
of OS formation (Tg(LWS) transgenic line).  
In the early stages of PRCs maturation process, Tg(rasGFP) was shown to be a good 
tool to understand cell compartment formation, without the need for any additional cell 
marker. Since PRCs in the early stages of maturation (from PRC precursors to MS3) 
show a more regular morphology, direct length measurements were demonstrated to be 
an efficient and easy way to quantify the growth of the different compartments (cell body, 
basal domain, IS and OS). In the later stages of PRC maturation (MS3 to MS5), 
Tg(rasGFP) starts to become limited. For example, the large amount of membrane in 
the OS region, and the close contact between PRCs, makes it impossible to distinguish 
single cells. Only rare zebrafish embryos that silenced the transgene in most PRCs allow 
single cell resolution and quantification of cell compartments. 
For the study of PRCs in the zebrafish retina, several reporter lines have been 
generated which allow the detection of PRC subtypes185,205. In these transgenic lines, 
the opsin promoters drive the expression of a fluorescence protein, leading to a cytosolic 
expression of the protein185,196,205–208. However, cytosolic fluorescent proteins are not 
transported through the cilium and thus the OS cannot be visualised. Exceptionally, in 
zebrafish rod PRCs, OSs have been visualised by GFP-rhodopsin COOH terminal 
fusion protein under the control of the Xenopus rhodopsin promoter209,210. This line 
allowed the visualization of OSs in rod PRCs but it may not reflect the endogenous 
temporal and spatial expression patterns of opsin proteins in zebrafish. Additionally, this 
line was limited to the study of rod PRCs209. Taking into account that most studies done 
in PRC development and maintenance, regardless of species, are performed in rods, I 
wanted to exploit the fact that zebrafish has a cone dominated retina6,206 and therefore 
generated a tool that enabled a better understanding of the formation of cone PRCs, 
and the differences between rod and cone PRCs.  
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An important outcome of this chapter is the generation and characterisation of a 
genetic reagent, Tg(LWS), for the zebrafish retinal community. Both tagged opsins 
present in this transgenic line are actively transported through the connecting cilium and 
can be detected in the OS of LWS cones. This transgenic line enabled the study of OS 
growth by volume analysis. Additionally, it will allow live visualisation of opsin and the 
labelling of a specific subset of cone cells. These advantages can easily be incorporated 
into a genetic or pharmacological screening approach to better understand cone cell 
development and function. The cross between Tg(rasGFP) and Tg(LWS) then also 
becomes a very powerful tool for visualisation of the formation of cell compartments in 
LWS cones throughout PRC maturation. 
In conclusion, Tg(rasGFP) and Tg(LWS) can be used to study the different 
maturation stages of PRCs, in particular LWS cones, and can be used to quantify apical 
growth when investigating retinal development, disease. 
 
2. The role of Kif25 in PRC maturation process 
 
Kinesins are a family of motor proteins important for the transport of cargo along 
microtubules. This family is formed by 14 members199 who have, among other functions, 
been shown to have import roles in cilia and mitotic spindle formation211. In PRCs, loss 
of proteins belonging to the Kinesin-2 family, such as Kif3a and Kif17 in zebrafish, can 
lead to loss of OSs53.  
Data resulting from mRNA deep sequencing of zebrafish retinas at 72 hpf (1.2 of 
Results section) showed high expression of the kif25 gene. The translated protein, Kif25 
belongs to the kinesin family 14 which is known to be associated with spindle 
formation212. In HeLa cells Kif25 was shown to be a minus-end-directed tetramer 
required during interphase preventing the premature separation of centrosomes200. 
However, the function of Kif25 was never studied in model organisms or in PRCs.  
Zebrafish have only one kif25 gene. In situ hybridisation showed kif25 to be 
enriched in the PRC layer during PRC maturation. Expression is first detected in the 
ventral patch and follows the established pattern of PRC maturation throughout the 
retina. The temporal and spatial expression pattern of kif25 mRNA suggests that this 
protein could have a role in PRC maturation.  
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A kif25 mutant with a premature STOP codon at the beginning of the motor domain 
was identified in the Zebrafish Mutation Project (performed by the Sanger institute)213. 
This mutant line was procured and is now being prepared for future use. In order to 
better understand whether kif25 has a role in PRC maturation, I will characterise this 
kif25 mutant. I will investigate the formation of PRC compartments, PRC organelle 
distribution and spindle formation during PRC precursor division. 
 
3. Crb2b-lf does not show an obvious role in PRC 
maturation process 
 
This study shows that during PRC maturation, loss of Crb2b-lf does not lead to any 
obvious differences in the localisation of polarity complexes, organelle distribution or 
growth of cell compartments in PRCs.  
In multiple model organisms, Crb was shown to control the size of the PRC apical 
membrane. In Drosophila, Crb null flies show a shortening of the stalk membrane, the 
equivalent of the mammalian SAR146,147. In zebrafish, overexpression of Crb2a led to an 
increase in rod cell IS size 161. Knockdown of crb2b by the use of morpholinos showed 
a decrease in IS length158, however, this data could not be reproduced by Marta Luz or 
myself. Surprisingly, based on the results showed on this dissertation, the loss of Crb2b-
lf did not lead to any changes in growth of the cell compartments until 63 hpf (IS, OS 
and cell body). This suggests that crb2b-lf does not play a role in the growth of PRC 
compartments. To confirm this, I will measure the growth of IS and OS of LWS cones at 
120 hpf, when cell compartments are more developed. I am currently in the process of 
obtaining crb2be40/Tg(LWS)/Tg(rasGFP) zebrafish line, which can be used to inquire IS 
and OS growth of crb2be40 at 120 hpf. 
In zebrafish kidney, knockdown of Crb2b was shown to lead to defects in cilia 
formation160. Nevertheless, no defects in cilia formation or maintenance were observed 
during zebrafish PRC maturation. This suggests that Crb2b-lf does not play a role in 
PRC maturation. Alternatively, another protein, such as Crb2a or Crb2b-sf, with a 
redundant function could be compensating for the loss of Crb2b-lf. qPCR analysis from 
RNA of heads of zebrafish embryos at 120 hpf showed no upregulation of crb2a mRNA 
in crb2be40. Moreover, data from Dr. Satu Kujawski in our lab (unpublished) suggests 
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that expression of crb2b-sf mRNA is first detected in zebrafish at 1 month of age. 
Additionally, immunofluorescence using an antibody which recognises an epitope 
common to both Crb2b isoforms suggests the absence of both isoforms at 120 hpf in 
both WT and crb2be40 (Dr. Marta Luz, unpublished). This suggests that neither Crb2a or 
Crb2b-sf expression were compensating for the loss of Crb2b-lf in my studies. 
Potentially, there could be a regulation on the protein level of Crb2a, however no 
antibodies to Crb2a are available for protein quantification analysis. To confirm possible 
redundant functions between Crb2b-lf and Crb2b-sf, using the CRISPR-Cas9 system I 
have generated a crb2b mutant, with premature STOP codon in a region common to 
both crb2b isoforms (crb2bCR14). I will now characterise PRC maturation in this mutant 
line.  
 
4. Crb2b role in the zebrafish adult eye 
 
In multiple organisms, the loss of Crb has been associated with retinal 
degeneration phenotypes. In humans, mutations in CRB1 are known to lead to 
degenerative retinal diseases such as Retinitis pigmentosa 12 and Leber congenital 
amaurosis144,151–154. In mouse, mutations in CRB1 lead to retinal defects148,156. In 
zebrafish, loss of Crb2b-lf does not show obvious defects in PRC retinal development 
or in the external morphology of the eye, nor does it lead to obvious defects in the adult 
eye (at 5 months old). However, observations of adult zebrafish, at more than 2 years 
old, using a normal stereoscope showed abnormal eyes (figure 48). The phenotypes 
observed in the eye of adult crb2be40 show different degrees of severity. Abnormal eyes 
in crb2be40 showed hyperpigmentation, decreased cornea, decrease of the overall size 
of the eye, loss of the lens, or in more extreme cases, an eye could no longer be 
identified. These phenotypes raise a lot of questions: Which tissues are specifically 
affected? Is this phenotype light dependent? In which tissues of the anterior segment is 
crb2b expressed? What is the primary cause of the phenotype observed?  
Previous studies in zebrafish show similar phenotypes upon lens degeneration214. 
In early stages of eye development in mouse, Crb, Pals1 are known to localize to the 
apical junctions of the lens epithelia142,215. In addition, preliminary data suggests the 
presence of Crb2b in the lens epithelium. I hypothesise that the phenotype observed is 
the result of loss of Crb2b-lf from the lens epithelium.  
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In Drosophila, Crb is known to prevent light degeneration of PRCs149. This raises 
the question, are the phenotypes observed light dependent? To test this, I will expose 
adult mutant fish to continuous, high intensity light, to investigate a light dependence for 
retinal maintenance.  
Another important question is whether the differing severity of the phenotype 
observed arise from different stages of development. I hypothesise that this phenotype 
arises as a hyperpigmentation in the anterior segment of the eye and then progresses 
to a complete lens degeneration until the whole eye is lost. Understanding this 
phenotype will give us a better insight into the function of crb2b in the zebrafish eye and 
its role in eye degenerative diseases. 
In the future, I intend to address the questions presented here and gain a better 
understanding of the observed phenotype and the underlying mechanisms. To do so, I 
will start by investigating the presence of Crb2b in the lens epithelium. Moreover, I will 
use histology and EM to conduct a more systematic study of the phenotype over time 
and gain a better understanding of the tissues affected. Additionally, I will analyse adult 
crb2bCR14, which present a mutation in both crb2b isoforms, for the presence of a similar 
phenotype. 
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CONCLUSION 
 
 
Photoreceptor cells are specialised neurons capable of visual phototransduction49. 
Defects in maturation and maintenance of these cells can lead to partial or total loss of 
vision. In this study, I established and characterised the stages of the zebrafish 
photoreceptor cell maturation process in great detail. This characterisation revealed 
differences in morphology, growth of the different cell compartments (inner segment and 
outer segment), and organelle organisation and structure among PRC subtypes. This 
newly acquired knowledge is currently being used to better understand the function of 
kif25 and crb2b in the eye. Furthermore, this characterisation of the PRC maturation 
process will work as a platform when studying retinal development, disease.  
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MATERIALS AND METHODS 
 
1. Animal Husbandry 
 
All adult zebrafish were maintained at 28°C under standard conditions in a 14-hr 
on/10-hr off light/dark cycle. Embryos for experimental purposes were obtained by 
natural spawning and raised in E3 medium (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 
0.33 mM MgSO4, 10% methylene blue) in a dark incubator at 28,5°C until the needed 
time-point. Embryos were staged accordingly to Kimmel et al., 1995216 until 120 hpf and 
accordingly to Parichy et al., 2009190 from 120 hpf onwards. All animal work was 
performed in agreement with the European Union (EU) and the German Animal Welfare 
Act. 
 
2. Zebrafish lines used 
 
In this study, different transgenic and mutant lines were used. All zebrafish 
transgenic lines are described in table 3. 
 
Table 3 - Zebrafish transgenic (Tg) and mutant lines used in this dissertation. 
Name Abbreviation Details Reference 
Tg(Ola.Actb:Hsa.HRAS-
EGFP)vu119 Tg(rasGFP) 
Marks plasma 
membrane 
Mark S. 
Cooper et. al., 
2004 
Tg(EF-1a:MLS-EGFP) Tg(mito:GFP) Marks mitochondria  
Min Jung Kim 
et. al., 2008 
Tg(opn1lw1:opn1lw1-
NeonGreen/opn1lw2:opn1lw2-
mKate) 
Tg(LWS) Marks OS of LWS 
Daniele 
Soroldoni, 
unpublished 
Tg(−3.7rho:EGFP)kj2 Tg(rod) Marks cell body of Rods 
Hamaoka T et. 
al., 2002 
Tg(3.2TaCP-EGFP) Tg(cone) Marker cell body of cone PRCs 
Breanda ń N. 
Kennedy et. al, 
2007 
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Crb2b-lf TILLING mutant crb2be40 Mutation in Crb2b-lf 
Sylke Winkler, 
unpublished 
Crb2b CRISPR mutant crb2bCR14 Mutation in Crb2b 
This study 
 
3. Generation of crb2b CRISPR mutants 
3.1 Generation and purification of gRNA  
3.1.1 Cloning of gRNA plasmid 
 
gRNA sequence was obtained by the annealing of the primers containing the 
gRNA sequence. 
Primers used:  
fwd: 5’-TAGGGTCTCTCCGTACTGCTGG-3’ 
rev: 5’-AAACCCAGCAGTACGGAGAGAC-3’ 
For annealing of primers, primers (100mM) were diluted 1:10 in 1x T4 ligation 
buffer (NEB) to a final volume of 10µL. Primers were then incubated and annealed using 
a thermocycler: 30min at 37°C, 5min at 95°C and then ramp down to 25°C at 5°C/min. 
gRNA sequence was then inserted into pT7-gRNA plasmid (ref. 46759) obtained from 
addgene (Cambridge, USA). 5-10 µg of pT7-gRNA plasmid was digested with BsmBI 
(NEB) at 55°C, overnight (ON). Product of the digestion was then loaded in a 1% 
agarose gel in TAE buffer (40 mM Tris acetate, 1 mM EDTA.Na2, pH 8.5) and the 
fragment extracted using Qiaquick Gel Extraction kit (Qiagen). Digested plasmid (50ng) 
and fragment (28pmol) were ligated using T4 ligase (NEB) at room temperature (RT) for 
4h.  
The whole ligation mix was then transformed into Dh5a bacteria. Bacteria were 
incubated with DNA on ice for 1min, followed by a heat shock of 42°C for 45 sec. 
Bacteria were then put on ice for 2min, 500µL of LB medium was added and bacteria 
were incubated on a shaker for 1hr at 37°C. Bacteria were spread on an LB plate with 
kanamycin (25µg/mL) and incubated at 37°C ON. 5 colonies were picked and incubated 
in 5mL of LB medium containing kanamycin (25µg/mL) at 37°C ON. DNA from bacteria 
was obtained by miniprep using QIAprep Spin Miniprep Kit (Qiagen). All DNA was sent 
for sequencing using M13 universal primers. A positive colony was then amplified and 
plasmid DNA extracted using QIAGEN Plasmid Maxi Kit (Qiagen) and stored at -20°C.  
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3.1.2 Transcription of gRNA and purification 
 
5-10 µg of pT7-gRNA+gRNA site plasmid was digested with BamHI (NEB) at 37°C, 
ON, by following the manufacturer's protocol. Product of the digestion was then loaded 
in a 1% agarose gel (TAE buffer) and the fragment extracted using Qiaquick Gel 
Extraction kit (Qiagen), by following the manufacturer's protocol. 1 µg of linear template 
was then used for RNA in vitro transcription of gRNA using MEGAshortscript kit (Thermo 
Fischer Scientific), by following the manufacturer's protocol. After transcription, gRNA 
was purified using mirVana™ miRNA Isolation Kit, with phenol (Thermo Fischer 
Scientific) by following the manufacturer's protocol for total RNA purification. Final gRNA 
solution was then stored at -80°C until use. 
 
3.2 Transcription and purification of Cas9 mRNA 
 
5-10 µg of pT3TS-nls-zCas9-nls Plasmid (ref. 46757, addgene) was digested with 
XbalI (NEB) at 37°C ON, by following the manufacturer's protocol. Product of the 
digestion was then loaded in a 1% agarose gel (in TAE buffer) and the fragment 
extracted using Qiaquick Gel Extraction kit (Qiagen), by following the manufacturer's 
protocol. 1 µg of linear template was then used for RNA in vitro transcription using T3 
mMESSAGE mMACHINE kit (Thermo Fischer Scientific), by following the 
manufacturer's protocol.  Cas9 mRNA was then purified using LiCl provided in the kit 
used for transcription and manufacturer's protocol used. Final solution was then stored 
at -80°C until use. 
 
3.3 Microinjection of CRISPR mutants and T7 endonuclease test 
 
150 embryos were injected with a solution containing gRNA and cas9 mRNA. 
Microinjections were done as described in section 4 of this section. Each embryo was 
injected with 35pg of gRNA and 200pg of cas9 mRNA at one cell stage. From the 
injected embryos, 50 were collected for testing the efficiency of the gRNA and the 
remaining embryos were raised at 28°C until adulthood. The 50 collected embryos were 
pooled and genomic DNA (gDNA) was extracted. 500µL of 50mM NaOH was added 
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and embryos incubated at 95°C for 20min. Embryos were then incubated at 4°C for 
10min and 50µL of Tris-HCL (1M, pH 8.0) added. The embryos were then centrifuged 
at maximum velocity for 10min (4°C), supernatant collected to a new tube and stored at 
4°C until use.  
To test efficiency of gRNA I used the T7 endonuclease test. I started by amplifying 
the target locus of the gene of interest, containing the gRNA site by PCR. For the PCR 
reaction, I used 1µL of each primer (stock 10mM), 0.5µL of gDNA obtained from the 
embryos (diluted 1/10 in water), 1µL of dNTPs (stock 2mM), 1.5µL of DMSO 100%, 
0.5µL of Phusion DNA polymerase (Invitrogen), 10µL of 5x GC-buffer (Invitrogen) and 
water to 50µL.  
Primers used: 
fwd: 5’- AGAATGAGCTTGGGTTGTGTTT-3’ 
rev: 5’-ATTTCTCCAGCAGTCATGCTTT-3’ 
Cycler program used: 
98°C 3min  
98°C 30sec  
60°C 20sec 35x 
72°C 1min  
72°C 10min  
 
PCR product was purified by the use of MinElute PCR purification kit (Qiagen), by 
following the manufacturer's protocol. 0.5µL of T7 endonuclease (NEB) and 1µL of 
buffer was added to 8.5µL of the purified PCR product diluted 1/10 and incubated at 
37°C for 40min. DNA was then run on a 2% agarose gel (in TAE buffer). As a negative 
control, I used DNA extracted from WT embryos and followed the same protocol. The 
presence of a second band in the PCR product on the DNA obtained from the injected 
embryos suggests that a deletion/mutation had been generated.  
 
3.4 Screening of crb2bCR14 
 
F0 injected adults were crossed with WT embryos and offspring screened for 
mutation in the crb2b gene. gDNA of 16 individual F1 embryos was extracted, PCR 
fragment of the region of interest amplified and sequenced by the MPI-CBG sequencing 
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facility. All siblings of F1 embryos positive for a mutation in crb2b gene were raised at 
28°C until adulthood. F1 adult fish were fin clipped and gDNA extraction and sequencing 
of the region of interest was done by the MPI-CBG sequencing facility. Positive F1 were 
then crossed with WT and raised at 28°C. Simultaneously, F1 containing the same 
mutation were incrossed and raised at 28°C until adulthood. Mutation in adult F2 was 
checked by fin clipping and sequencing. For genotyping, caudal fin tissue obtained from 
adult zebrafish was used to extract gDNA samples. Caudal fins were collected, frozen 
in dry ice and given to MPI-CBG sequencing facility for gDNA extraction and 
sequencing.  
 
4. Microinjections 
 
All microinjections were done using a PV820 Pneumatic PicoPump Injector (World 
Precision Instruments, USA). For the injections, glass 1.0mm capillaries (World 
Precision Instruments, USA) were pulled to create injection needles. 
30pg of plasmid rasmKate10 was injected into the cell of 1-cell stage WT embryos. 
Embryos were then kept in an incubator at 28°C until the desired developmental stage. 
 
5. Generation of Crb2b-lf polyclonal antibody 
 
Crb2b-lf rat polyclonal antibody was generated by the injection of Crb2b-lf peptide 
into two rats, rat 1 and rat 2. The used peptide sequence of Crb2b was 
MRGLIVKVICCGLLLLTGAVCETELDECESDPCQNRGRCEDSINAYICHCPPAEPGHL
PWGGPDCSVQLTG. The peptide was generated by Peptide Specialty Laboratories 
GmbH, Heidelberg. Peptide was then sent to Charles Rivers, Germany for injection of 
rats. Antibody specificity was investigated by detection of Crb2b-lf by Western-blot (WB) 
and immunohistochemistry in retinal sections as described below. 
 
5.1 Cell culture – maintenance and transfection of HEK cells 
 
HEK-293 cells were used to overexpress Crb2b-lf protein to test antibody efficiency 
by WB. HEK-293 cells were maintained in Dulbecco's Modified Eagle Medium, Nutrient 
Mixture F-12 (DMEM/F12) (Thermo Fischer Scientific) medium at 37°C. Before 
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transfection, cells were seeded into 6-well plates (250 000-400 000 cells/well). For this, 
cells were washed in PBS (10mL) and 2mL of 0.05% Tripsin-EDTA (gibco® by Life 
Technologies) was added and removed. Cells were then incubated for 5-10min at 37°C. 
Cells were re-suspended in 10mL of DMEM/F12 (Thermo Fischer Scientific), seeded in 
6-well plates and incubated ON at 37°C. 
HEK cells were transfected with plasmid pCS2+-Crb2b-lf (pCS2+ vector used in the 
cloning was obtained from addgene; Marta Luz, unpublished). For transfection, I mixed 
1µg of PCs2+-Crb2b-lf plasmid, 3µg of PCs2+ plasmid, 96µL of CaCl2 and 100µL of BBS 
buffer (1.07 g BES [Sigma, B-4554, N,N-bis[2-hydroxyethyl]-2-aminomethanesulfonic 
acid], 1.6 g NaCl, 0.027 g Na2HPO4, add 90 ml dH2O, pH 6.95 - 6.97, add dH2O to 100 
ml). This mixture was incubated for 10min at RT before being added to the cells. Cells 
were then incubated ON at 37°C. The medium of cells was then removed and 10mL of 
medium DMEM/F12 (Thermo Fischer Scientific) was added. Cells were incubated ON 
at 37°C before starting the protein extraction.  
 
5.2 Protein extraction from HEK Cells 
 
150µL of ice cold standard lysis buffer (10% glycerol, 1% Triton X-100, 1.5mM 
MgCl2, 50mM HEPES, pH 7.5, 150mM NaCl, 1mM EGTA and freshly added 1mM 
PMSF and cOmpleteTM Protease Inhibitor Cocktail (Roche)) was added per well. Cells 
were scratched and let incubate for 10min on ice, centrifuged at 10000xg for 10min at 
4°C and the supernatant transferred to a new tube. 50µL of 4x SDS was added, samples 
were boiled for 10min at 65°C and stored at -80°C until use. 
 
5.3 Protein extraction from zebrafish embryos 
 
20µL of lysis buffer (50mM Tris pH 8; 150mM NaCl; 1%Triton X-100; 0.1%SDS) 
was added per adult retina. Tissue was homogenised by the use of a power pestle and 
left on ice for 15min. Samples were then centrifuged for 2min at 10000g (4°C) and 
supernatant transferred to new tube. 4x SDS sample buffer was added to samples to a 
final concentration of 1xSDS. Samples were then boiled for 10min at 65°C and stored 
at -80°C until use. 
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5.4  Western Blot 
 
10µL of protein extract was loaded per well into a 10% SDS-PAGE gel (2 M Tris-
HCl pH 8.8, 3 % acrylamide 37.5:1, 10% SDS, 0.1% TEMED 
(tetramethylethylenediamine), 10% ammoniun persulfate). The gel was subjected to 
electrophoresis at 120 V for 90 minutes at RT in running buffer (25mM Tris-HCl, 0.25M 
glycine, 1% SDS). Electro transfer onto a pure nitrocellulose membrane (GE Healthcare) 
was done at 4°C for 60min at 90V in transfer buffer (20mM Tris-HCL, 0.15M glycine). A 
coomassie brilliant blue (Thermo Fisher Technologies) staining was performed in order 
to guarantee a proper transfer to the nitrocellulose membrane. The membrane was 
blocked with 5% dry milk in 0.1% Tween20 in PBS and subsequently washed with 0.1% 
Tween20 in PBS 3x10min. Bleads send by Charles Rivers, Germany were then diluted 
in blocking solution 1:50 and membrane was incubated ON at 4°C with shaking. The 
membrane was washed again with 0.1% Tween20 in PBS 3x20min and then incubated 
with anti-rabbit antibody conjugated to peroxidase alkaline phosphatase (Sigma Aldrich) 
diluted 1:10000 for 2 hours at room temperature on the shaker. Finally, the membrane 
was washed with 0.1% Tween20 in PBS 3x20min on the shaker, followed by detection 
with ECLTM Western Blotting Detection Reagents (GE Healthcare). 
 
6. Immunostainings 
6.1 Sample preparation and cryosectioning 
 
Whole embryos up to 120 hpf were fixed using the adequate fixative procedure 
(table 4). For adult retinas, zebrafish adult fish were anesthetized using MESAB (Ethyl 
3-aminobenzoate methanesulfonate, Sigma Aldrich) and killed by cutting off the heads. 
Zebrafish eyes were dissected and fixed. For samples fixed in ethanol (EtOH), 
rehydration is needed after fixation – 10 min 90% EtOH, 10 min 80% EtOH, 10min 70% 
EtOH, 10 min 50% EtOH, 10 min PBS. After fixation, all samples were washed 2x5min 
in PBS and kept for 1 h in 5% sucrose in 1XPBS, and then incubated overnight at 4°C 
in 30% sucrose in 1XPBS, followed by a second ON incubation at 4°C in 1:1 solution of 
30% sucrose in 1XPBS/NEG-50TM (Thermo Fisher Scientific). Finally, the samples were 
incubated for 1h at RT in NEG-50TM, mounted and frozen in dry ice. All samples were 
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kept at -80°C until sectioning. Zebrafish eyes were sectioned at 16µm and left to dry for 
at least 1h at room temperature. After sectioning, all samples were kept at -20°C until 
use. 
 
6.2 Immunostaining of cryosections  
 
Cryosections were left to dry at RT for 1h prior to staining. Slides were washed in 
PBS for 20min at RT. Depending on the antibody used, an extra step of permeabilisation 
was done (table 4). Blocking of samples was done using 10% normal horse serum 
(NHS) in 0.3% Triton X-100 in PBS. Primary antibodies were diluted in blocking solution 
and incubated ON at 4°C (all dilutions are presented in table 4). Opsin antibodies were 
incubated 2xON at RT. Slides were washed 3x 20min in PBST (0.1% Triton X-100 in 
PBS) and incubated with secondary antibody in combination with DAPI diluted in 
blocking solution ON at 4°C (table 5). Slides were washed 2x 20min in PBST, 2x 20min 
in PBS and finally mounted in Vectashield antifade mounting medium (Vectorlabs). 
Slides were then kept at 4°C until imaging. 
 
6.3 Immunostaining in whole mount retinas 
 
Whole mount retinas were dissected and fixed in 4% PFA ON at 4°C. Whole retinas 
were incubated in blocking solution (10%NHS, 1% Tween20, 1% Triton X-100 and 1% 
DMSO in PBS) for 2h at RT. Primary antibody (Zpr-1) was diluted in blocking solution 
and retinas incubated ON at 4°C. Retinas were washed in blocking solution 3x30min 
and then incubated in secondary antibody in combination with DAPI and phalloidin 
diluted in blocking solution for 2h RT (table 5). Retinas were then washed 2x in PBS and 
mounted in a slide using Vectashield antifade mounting medium (Vectorlabs). Slides 
were kept at 4°C until use. 
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Table 4 – Primary antibodies used. 
 
 
Table 5 - Secondary antibodies used. 
Protein/antigen Dilution Source 
DAPI 1:10 000 
Thermo Fisher 
Scientific 
Alexa fluor anti-
mouse 568 or 488 1:500 
Alexa fluor anti-
rat 568 1:500 
Alexa fluor anti-
rabbit 568 or 488 1:500 
Phalloidin 660 1:20 
 
 
6.5 DAPI staining in cryosections  
 
Cryosections were left at RT for 1h prior to staining. Slides were washed in PBS 
for 20min at RT followed by 15min in DAPI solution (DAPI 1:1000 in PBS). Slides were 
then washed in PBS 3x 5min and mounted in Vectashield antifade mounting medium, 
Vectorlabs. Slides were then kept at 4°C until imaging. 
 
Protein/antigen Generated in Dilution Fixative 
Extra-
permeabilisation Source 
Acetylated 
tubulin Mouse 1:250 4% PFA 
in PBS 
ON at  
- Sigma (ref.T7451) 
aPKC Rabbit 1:50 
0.1% SDS for 
15min + 3x 5min 
in PBS 
Abcam 
(ref.ab19031) 
Crb2a Mouse 1:50 Zirc Zpr-1 Mouse 1:100 
Crb2b Rabbit 1:200 4% PFA in PBS 
1h at RT 
Marta Luz 
(unpublished) 
Crb2b-lf Rat 1:200 This study 
ZO-1 Mouse 1 
4% PFA 
in PBS 
ON at 
4°C 
Sigma 
(ref.AB2271) 
Opsin 
antibodies Rabbit 1:50 
3,7%PFA 
in EtOH 
ON at 
4°C 
- 
Thomas S. 
Vihtelic, et. 
al., 1998 
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6.6 Toluidine blue staining 
 
Sample preparation is described in section 9 ”Electron microscopy”. Samples were 
hydrated using distilled water and stained for 20 seconds at 36°C using 0.1% Toluidine 
blue (Sigma Aldrich) in distilled water.  Samples were washed using distilled water and 
mounted in Canada Balsan (ref.26896, Serva). 
 
7. In situ hybridisation 
7.1 RNA probe synthesis 
 
In order to detect kif25 mRNA localisation two independent probes were 
generated. Probe sequence was obtained by PCR of kif25 sequence.  
Primers used: 
Probe_1:  
fwd: 5’-CCATCTACGTGGGGTTTG CT-3’ 
rev: 5’- ACGTCCTGTCTGGCATTCTG-3’ 
Probe_2:  
fwd: 5’- ATGTCGGTGGTGGAGGTCTA -3’ 
rev: 5’- TACCAAACCCCAGGGACTGA -3’ 
PCR fragments were then inserted into pCR Blunt II topo vector by the use of 
cloning kit (ref.K280002, Thermo Fisher Scientific). Cloning was done by following the 
manufacturer's protocol and transformation of T10 competent cells provided by the kit. 
For plasmid DNA amplification, three colonies were selected from LB plates containing 
kanamycin (25µg/mL). Overnight bacterial cultures were set up for minipreps using 
QIAprep Spin Miniprep Kit (Qiagen). All DNA was sent for sequencing using M13 
universal primers.  
Plasmids containing probe 1 or 2 were digested with NotI (NEB) and HindIII (NEB) 
separately. 5-6µg of plasmid + 1 µL of restriction enzyme + 5µL of 10xCut Smart buffer 
(NEB) + water to a total of 50µL was incubated ON at 37°C and purified with PCR 
purification kit (Qiagen), by following the manufacturer's protocol.   
Plasmids were then transcribed using Sp6 or T7 RNA polymerases to create RNA 
probes. Plasmids digested with NotI were transcribed with Sp6 to obtain the sense 
probes and plasmids digested with HindIII were transcribed with T7 to obtain the 
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antisense probes. For transcription,1µg of digested DNA, 2µL of 10X buffer, 1µL of 
polymerase (Roche), 2µL of DIGmix (Roche), 1µL of RNAseout (Invitrogen) and water 
to a volume of 20µL was incubated for 4h at 37°C. Samples were then incubated with 
2µL of DNAse (NEB) for 15min at 37°C. RNA was then purified by the use of Micro Bio-
SpinTM columns P-30 (BIO-RAD laboratories, USA), following manufacturer's protocol. 
RNA probe integrity was analyzed by running the samples in an 1% agarose gel. RNA 
was stored at -80°C until use.  
 
7.2 Whole-mount in situ protocol 
 
For the whole-mount in situ hybridisation the protocol of Hauptmann and Gerstner, 
1994 (Westernfield 2000) was followed with some modifications. Embryos were fixed 
for 2 h in PFA 4% at RT. Embryos were then permeabilised in 100% methanol ON at -
20°C. Embryos were rehydrated into PBS-T (0.1% Tween20 in PBS) and further 
digested with 5 µL/mL Proteinase K (Invitrogen) for 30 min to enhance tissue 
permeabilisation. Embryos were then washed in PBS-T and refixed in 4% PFA at RT for 
20 min. Embryos were pre-hybridised using hybridisation buffer (50% formamide 
(Roche), 5x SSC buffer [3 M NaCl, 300 mM (tri-)sodium citrate in distilled water], 
50μg/mL Heparin [50mg/mL], 0.5mg/mL Torula-RNA solid, 0.1% of 10% Tween20 in 
distilled water) for 3 h at 65°C. After this, hybridisation buffer was exchanged to 
hybridisation buffer containing the RNA probe (diluted 1:100) and 5% dextran sulfate 
(Sigma Aldrich), and embryos were incubated ON at 65°C. Embryos were then washed 
with Wash solution I (50% Formamide ultrapure, 10% of 20xSSC buffer, 0.1% Tween20 
in distilled water) for 30min at 65°C, Wash solution II (10% of 20x SSC buffer, 0.1% 
Tween20 in distilled water) 2x 15min at 65°C and finally with Wash solution III (1% of 
20x SSC buffer, 0.1% Tween20 in distilled water) for 30min at 65°C. Embryos were 
raised in PBS-T and blocked for 1 h at RT in blocking solution (5% BSA, 5% horse serum 
in PBS-T). Embryos were incubated in 1/2000 Anti-Digoxigenin-AP antibody (Roche) in 
blocking solution ON at 4°C. Embryos were then washed in PBS-T for 2 h and 
equilibrated in staining buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 50mM of MgCl2, 
0.1% Tween20 in distilled water). Embryos were stained by the use of 4.5 μL of NBT 
(Roche) and 3.5 μL BCIP (Roche) / mL of staining buffer. After desired signal was 
MATERIALS AND METHODS 
 
 
121 
detected, reaction was stopped by washing embryos in PBS-T and embryos were 
mounted in 87% (v/v) glycerol until imaged.  
 
8. Polymerase chain reaction (PCR)  
8.1 RNA extraction and cDNA synthesis 
 
Zebrafish retina was dissected as described before, homogenised in 1mL of Trizol 
(Invitrogen, Carlsbad, CA), and total RNA was extracted in accordance with the 
manufacturer's protocol. Prior to cDNA synthesis RNA was treated with DNase 
(Invitrogen) for 30min at 37°C. The reaction was stopped using DNase stopping solution 
(Invitrogen) and used for cDNA synthesis. 0.5 µg of total RNA was used for cDNA 
synthesis using the SuperScript III reverse transcriptase (Invitrogen).  
  
8.2 qPCR 
 
For qPCR detection primers were designed flanking exon/intron boundaries. Ct 
values were relatively calculated to the housekeeping gene rpl13a 
(ENSDARG00000044093). Primers used for qPCR are listed in table 6.  
A standard qPCR mix consisted of:  
5 μl of water + 1 μl of DNA (diluted 1/5) + 2 μl of each primer (2mM stock) + qPCR mix 
with ROX (Thermo Fisher Scientific). 
 
Table 6 – Primers used in qPCR. 
Gene Primers 
rpl13a 
fwd: 5’-TCTGGAGGACTGTAAGAGGTATGC-3’ 
rev: 5’-AGACGCACAATCTTGAGAGCAG-3’ 
kif25 (pair 1) 
fwd: 5’-ACAGTCCCACACTGGTTCAC-3’ 
rev: 5’-AAGCCTACGAGCTACAGCCA-3’ 
kif25 (pair 2) 
fwd: 5’-TCCCACACTGGTTCACATGG-3’ 
rev: 5’-GAAGCCTACGAGCTACAGCC-3’ 
crb2a 
fwd: 5’-CGGAGAAAGATGTGAGAGAGA-3’ 
rev: 5’-ATGGCCACTAAGAGGATACAG-3’ 
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A standard program for the qPCR thermocycler was:  
98°C 3 min  
98°C 30 sec  
60°C 30 sec 35x 
72°C 1min  
72°C 10min  
 
8.3 qPCR analysis 
 
To study the expression of crb2a mRNA in zebrafish heads, after melting curve 
analyses, Ct values of target gene (crb2a) were normalised to the endogenous 
reference (rpl13a) and plotted as ∆Ct. ∆Ct = Ct of kif25 – Ct of rpl13a 
For expression analysis of kif25 mRNA, after melting curve analyses,  Ct values 
of target gene were normalised to the endogenous reference (rpl13a), and given by: 2-
∆∆Ct.  ∆∆Ct = ∆Ct sample – ∆Ct reference control 
 
8.4 RT-PCR 
 
For PCR amplification of cDNA the following mix was used: 
Template cDNA – 20-50ng 	
Forward primer – 1μl (stock 10μM) (table 7) 
Reverse primer – 1μl (stock 10μM) (table 7) 
dNTP – 5μl (stock 2mM) 	
5X HF uffer – 10μl 	
Phusion DNA polymerase – 0.5μl  
Cycler program used:  
95°C 3 min  
95°C 30 sec  
55°C 30 sec 35x 
72°C 1 min  
72°C 10 min  
 
MATERIALS AND METHODS 
 
 
123 
Table 7 – Primers used for RT-PCR 
Gene Primers 
mNeonGreen 
fwd: 5’-ACCAGTACCTGCCTTACCCT-3’ 
rev: 5’-GCAGCCATAGGCTTAGCGA-3’ 
opn1lw1 
fwd: 5’-TGCATCTCGACAACTCTGCT-3’ 
rev: 5’-GGCAGGCATCTACCTATCACT-3’ 
 
9. Electron microscopy – sample preparation 
 
Heads of zebrafish embryos with the desired stage were dissected and fixed with 
2%PFA, 2% glutaraldehyde in 1mM Hepes buffer for 1 hr at RT and then ON at 4°C. 
Samples were then prepared for embedding. Samples were washed in 100mM Hepes 
buffer (5x3 min) and then in 1xPBS. 1% OSO4, 1.5% potassium ferrocyanide in PBS 
was added to the samples and incubated at RT for 90 min. Samples were washed in 
water and dehydrated in a series of EtOH (30%, 50%, 70%, 90% and 100%, for 20 min 
in each solution). Samples were incubated at 60°C in 100% Titanium(IV) propoxide 
(prop.Oxide)(Sigma Aldrich) for 20 min, 2:1 prop.Oxide:Durcupan (Sigma Aldrich) for 1 
hr, 1:1 prop.Oxide:Durcupan for 1.5 hr and finally 1:2 prop.Oxide:Durcupan ON. 
Samples were then incubated in 100% Durcupan ON. Fresh Durcupan was added after 
the first 5-6 hr of incubation. Samples were mounted in 100% Durcupan and sectioned 
for electron microscopy (0.1mm thickness) and toluidine blue stainings (0.5 thickness). 
Before imaging, all EM samples were stained with 2% uranyl acetate (Polysciences, Inc) 
in water from 10min, followed by 5min in lead(II) citrate tribasic trihydrate (Sigma 
Aldrich). 
 
10. Image acquisition and analysis 
 
All samples immunostained were imaged using a ZEISS multiphoton laser 
scanning upright microscope (model axio examiner.Z1), with a Zeiss Plan-Neofluar 40x 
NA 0.8 or Zeiss Plan-Neofluar 63x NA 0.8 objectives. All images were acquired using 
ZEN 2011 software (black edition) from ZEISS.  
In live embryos (Tg(LWS) with 48 hpf), zebrafish were anesthetized using MESAB 
(0.2% ethyl-m-aminobenzoate methanesulfonate - Sigma Aldrich) and mounted in 1% 
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low melting agarose (Invitrogen) in a glass bottom microwell dish (MatTek corporation, 
USA). Samples were then imaged in a ZEISS 2photon upright microscope (Zeiss Plan-
Neofluar 20x NA 0.8 objective) using ZEN 2011 software (black edition) from ZEISS. 
Toluidine blue stainings were imaged using a Zeiss ApoTome Image 7.1 microscope.  
Electron microscopy imaging was acquired using Morgani 268 microscope 
(Phillips). iTEM software (ResAlta Reaserch Technologies) was used for capturing the 
images.  
Adult zebrafish were killed using (1% MESAB - ethyl-m-aminobenzoate 
methanesulfonate - Sigma Aldrich) and imaged using an Olympus SZ61 microscope 
and an Olympus U-TV0.5XC-3 camera 
All image analyses were done using Fiji. The graphs were plotted and the statistical 
analysis done with GraphPad Prism6. Statistical significance was calculated by a one-
way ANOVA followed by a Tukey's multiple comparison test.  
 
11. Deep sequencing analysis 
 
72 hpf zebrafish embryos were killed with MESAB (1% ethyl-m-aminobenzoate 
methanesulfonate - Sigma Aldrich). Zebrafish retinas were dissected with the help of 
forceps, 1 mL of Trizol added (Invitrogen, Carlsbad, CA), and total RNA extracted in 
accordance with the manufacturer's protocol. RNA integrity was tested by the use of the 
Bioanalyser and all samples presented an integrity final value of 9.8-10 out of 10. Deep 
sequencing of the samples was done by Deep sequencing facility from Centre for 
Regenerative Therapies, Dresden. Analysis of deep sequencing results was done with 
the help of the image analysis facility from MPI-CBG, Dresden. Quality control of the 
reads obtained from the deep sequencing was done with fastQC software (Babraham 
Institute). Mapping of the reads to the Zv9 genome (Ensemble 2014) was done by 
Tophat2 and Bowtie2 softwares (Johns Hopkins University, Center for Computational 
Biology).  Differential expression of genes was calculated by the use of Cuffdiff (Cole 
Trapnell, 2010) and visualization and exploration of results was accomplished with 
CummerBund (R packadge, http://www.R-project.org). Functional characterisation of 
differentially expressed genes was accomplished by the use of DAVID217, Gene 
Ontology (The Gene Ontology Consortium) and KEGG pathways (Kanehisa, M.; "Post-
genome Informatics", Oxford University Press (2000)).
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APPENDIX 
1. Summary of PRC maturation (Schmitt et. al., 1999) 
 
Table 8 - Summary of maturation of PRCs in zebrafish retinal development166 
Developmental stage Event 
55 hpf  First OS detected (1 μm) in the ventral patch 
60 hpf 
 OS with 3 μm in the ventral patch 
 IS measure 3–3.5 μm in length 
 Differentiation between ellipsoid and myoid 
62 hpf  Synaptic ribbons on the ventral patch 
70 hpf 
 Rod OS with about 4 μm in the ventral patch 
 Rod PRCs found in different regions of the 
retina 
74 hpf 
 Rod OS with about 5 μm in the ventral patch 
 Cone OS with about 3 μm in the ventral patch 
 Cone PRCs show calyceal processes on the 
dorsal side 
96 hpf  Two different types of PRCs could be identified 
12 dpf  All types of PRCs could be identified 
15 dpf  Cone PRCs achieve their final size 
20 dpf  Rod PRCs achieve their final size 
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2. Generation of a Crb2b-lf antibody 
 
 
Figure 52 - Testing the bleeds of rat 1 and 2 for the generation of polyclonal antibody 
against Crb2b-lf.  
Last bleed of rats 1 and 2 were tested for the presence of anti-Crb2b-lf antibody by Western blot 
(B). A shows the positive control detected by the use of anti-Crb2b antibody (detects both Crb2b 
isoforms) published previously by Zou et. al., 20126. Crb2b-lf protein extracts were obtained 
from overexpression of pCS2+-Crb2b-lf in HEK cells (“Hek cells – Crb2b-lf overexpression”). 
HEK cells transfected only with pCS2+ plasmid were used as control (“Hek cells control”). To 
test if anti-Crb2b-lf would recognise Crb2b-lf present in zebrafish tissues I used protein extracts 
obtained from zebrafish adult retinas (“WT Adult Retina”). The presence of the band 
corresponding to Crb2b-lf is indicated by the white arrow (in A and B). 
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Figure 53 - Antibody against Crb2b-lf generated in rat 2 shows specificity when tested in 
crb2be40 mutants.  
Confocal images of WT (A-A’’’) and crb2be40 (B-B’’’) adult retinal sections stained with serum 
obtained from rat 2. As a reference the nuclei are visible in blue (A’’ and B’’), and phalloidin 
staining actin in cyan (A’-A’’ and B’-B’’). Crb2b-lf can be detected by the antibody in WT samples 
(arrow head in A and A’’) but it is not detected in crb2be40 (B and B’’). Scale bar: 5 µm. 
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3. Deep Sequencing analysis of crb2be40 
 
 
Figure 54 – Gene ontology of upregulated genes in crb2be40 retinas at 72 hpf. 
RNA-seq of WT and crb2be40 zebrafish retinas of embryos with 72 hpf. Genes upregulated in 
crb2be40 in comparison to WT are grouped based on biological process (A) and molecular 
function (B). In the X axis is represented the p-value of the genes.  
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Figure 55 – Gene ontology of downregulated genes in crb2be40 retinas at 72 hpf. 
RNA-seq of WT and crb2be40 zebrafish retinas of embryos with 72 hpf. Genes downregulated in 
crb2be40 in comparison to WT are grouped based on biological process (A) and molecular 
function (B). In the X axis is represented the p-value of the genes.  
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Table 9 – Up- and downregulated genes in crb2be40 with a PDZ domain.  
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4. opn1lw1:opn1lw1-NeonGreen/opn1lw2:opn1lw2-
mKate BAC 
  
ure 56 – BAC used for generating Tg(LWS) transgenic line. 
APPENDIX 
 
 
151 
 
Erklärung entsprechend §5.5 der Promotionsordnung 
 
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe 
Dritter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt 
habe; die aus fremden Quellen direkt oder indirekt übernommenen Gedanken sind 
als solche kenntlich gemacht. Die Arbeit wurde bisher weder im Inland noch im 
Ausland in gleicher oder ähnlicher Form einer anderen Prüfungsbehörde vorgelegt. 
 
Die Dissertation wurde im Zeitraum vom 1st September 2013 bis 31st August 2017 verfasst und 
von Prof. Dr. Elisabeth Knust, Max Planck Institute für Zellbiologie und Genetik betreut. 
 
Meine Person betreffend erkläre ich hiermit, dass keine früheren erfolglosen 
Promotionsverfahren stattgefunden haben. 
 
Ich erkenne die Promotionsordnung der Fakultät für Mathematik und Naturwissen- 
schaften, Technische Universität Dresden an. 
 
 
 
 
Dresden, den 
 
